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2INTRODUCTION
Substances interfering with viral multiplication may 
be studied with one of two aims in view; either the development
V
of an efficient chemotherapeutic agent or the analysis of the 
mechanism by which the interference is produced. Numerous 
compounds have been investigated and different methods of attack 
used in pursuit of the former aim without important practical 
results, and the relevant literature has become large (see Hurst 
and Hull, 1956). By contrast, attempts to analyse the mechanism 
of action of inhibitors and their use as tools in the dissection 
of the growth cycle have been few. It is with this latter aim 
that the work presented in this thesis has been designed and 
carried out.
The growth cycle of a virus is complex and can be 
divided for ease of discussion into a number of more or less well 
defined stages. Since viruses lack the essential enzymes 
required for the synthesis and utilization of precursor material 
they are compelled to take-over or modify existing enzymes, 
concerned normally in the growth and replication of more highly 
organised life-forms. This process of take-over constitutes the 
initiation of infection of the cell which may then become the
3host for viral multiplication»
In response to information supplied by the virus 
particle, the enzyme systems of the cell commence to synthesise 
abnormal proteins and nucleic acids which possess configurations 
characteristic of the infecting virus. Viral nucleic acid is 
then removed from the replicating pool by a process of assembly 
in which quanta of nucleic acid become enclosed in protein 
envelopes to give units bearing superficial resemblance at least 
to the parent virus. Finally some process of maturation occurs 
and the units acquire the biological property of infectivity.
This last stage may coincide with the release of the particles 
from the cell e.g, in the case of influenza virus, or may be 
essentially an intracellular process.
When viral multiplication is followed in a population 
of cells, these stages tend to become obscured as a result of 
asynchrony of initiation and differences in the rate of synthesis 
in different cells. In studies involving populations of cells, 
it is the first cell to enter a stage that determines the time 
of commencement of the stage. Since, however, viral multiplication 
is essentially the sequence of events set in motion by a single 
particle in a single cell, results observed in populations of 
cells must be related to events as they occur in the single cell.
4It is possible, at least in theory, to inhibit viral 
multiplication at any stage with a resultant reduction or 
abolition of the normal yield of infectious virus particles*
So far, however, the demonstration of such specific inhibition 
has not often been made because of inadequate criteria of 
definition of any given stage* Alteration in the infectious 
virus yield as a criterion for inhibition is capable only of 
indicating interference somewhere in the sequence and not of 
indicating the stage at which it occurs.
The aim of the present study was to investigate the 
growth cycle of vaccinia virus by analysing the mode and time of 
action of certain inhibitors. A consideration of the 
potentialities of different cell systems for such a project 
indicated that a system of cells maintained in suspension was 
likely to prove the most satisfactory. Accordingly, the first 
stage of the work was devoted to an investigation of the growth 
cycle of vaccinia virus in suspended KB cells. Having defined 
the growth cycle under normal conditions, the second stage was 
concerned with observing and analysing as far as possible the 
alterations produced in such a cycle by the presence of substances 
with previously demonstrated antiviral activity. Inhibition 
was judged in terms of effect on the synthesis of viral nucleic
5a c id  and p ro te in  and the  p ro d u c tio n  of in fe c t io u s  v iru s .
The in h ib i to r s  s tu d ie d  inc luded  those in te r f e r in g  
w ith  a )  th e  supply of energy f o r  p recu rso r s y n th e s is , b ) th e  
sy n th e s is  of v i r a l  n u c le ic  a c id , c ) th e  sy n th e s is  of v i r a l  
p ro te in  and d) the  m atu ra tio n  of v i r a l  components. P re lim in ary  
experim ents w ith  in h ib i to r s  of p ro te in  sy n th e s is  proved un­
s a t i s f a c to r y  and a t te n t io n  was th e re fo re  co n cen tra ted  on the 
e f f e c ts  of sodium a z id e , 5-brom odeoxyuridine and i s a t i n  ß -  
th iosem icarbazone. The r e s u l t s  ob ta ined  w ith  th ese  in h ib i to r s  
have been p resen ted  in  the form of papers subm itted  fo r  
p u b lic a tio n . The g en era l d is c u s s io n  which fo llo w s r e l a t e s  the 
experim ental f in d in g s  s e t  out i n  th ese  papers w ith o th e r  pub lished  
work, and an  a ttem p t i s  then  made to  d e sc rib e  the growth cycle  
of v a cc in ia  v iru s , u s in g  a l l  a v a ila b le  in fo rm a tio n .
Of the fo u r papers p re sen ted , the f i r s t  two a re  under 
c o n s id e ra tio n  fo r  p u b lic a tio n  by the e d i to r s  of V iro logy, and 
the th ir d  i s  to  be subm itted  s h o r t ly  to  the  same jo u rn a l .  The 
r e s u l t s  rep o rte d  in  the l a s t  paper may be subm itted  a t  a l a t e r
date in  a  m odified form,
6THE MULTIPLICATION OF VACCINIA VIRUS
IN  SUSPENDED KB CELLS
7INTRODUCTION
The infection and maintenance of cells in suspension 
provides a system in which it is possible to analyse virus-cell 
interaction in cells exposed to uniform and controlled conditions.
The growth cycle of vaccinia virus in tissue culture 
has been followed under a variety of conditions including cells 
in suspension (Furness and Youngner, 1959} Smith and Sharp, 
i960). However, no attempt has been made to determine the number 
of cells contributing, at a given instant, to the total virus 
yield. This paper describes the infection of suspended KB cells 
and their maintenance under conditions which permit a determination 
of the proportion of infected cells present and an estimate of 
the multiplicity of infection, and allow repeated sampling of the 
cell population and its constituent single cells.
The succeeding paper describes the use of this system 
to analyse the effect of sodium azide on the multiplication of 
vaccinia virus.
MATERIAIS AND METHODS
Virus. The chorioallantoic membrane (CAM) of 11 day- 
old chick embryos was infected with a suspension prepared from a 
single pock of the Mill Hill (V-MH, Fenner, 1958) strain of 
dermal vaccinia virus. Membranes with confluent lesions were
8e x tra c te d  w ith  f lu ro c a rb o n  (G ess ie r e t  a l . ,  1956), and a  s tock  
p re p a ra tio n  was d is t r ib u te d  in to  ampules and s to re d  a t  - 60° .
Before use thawed p re p a ra tio n s  were d isp e rse d  w ith  an  u l t r a s o n ic
8.7 9.5d r i l l .  Such p re p a ra tio n s  con tained  10 EFU per ml and 10 
w ell d isp e rse d  s in g le  p a r t ic le s  per ml when examined w ith  the  
e le c tro n  m icroscope.
Media. Many non-immune s e ra  c o n ta in  substances 
in h ib i to r y  to  v a c c in ia  v i r u s .  Some of t h i s  a c t i v i t y  i s  destro y ed  
by h e a tin g  a t  56° f o r  30 m inutes b u t h e a t - s ta b le  in h ib i to r s  
reduc ing  the  i n f e c t i v i t y  by approxim ately  50^  a re  p re se n t in  
many s e r a .  A few specimens o f serum found to  be a lm ost f r e e  
from th i s  in h ib i to r y  a c t i v i t y  were re se rv ed  fo r  the p re p a ra t io n  
of a d so rp tio n  medium and n o n - in h ib ito ry  growth medium. A ll  s e ra  
were hea ted  a t  56° f o r  30 m inutes b e fo re  u se .
Four types of medium were used f o r  d i f f e r e n t  phases o f 
the experim en ts.
1. Growth medium f o r  growth of c e l l  monolayers and f o r  
growth cycle experim ents in  which e x t r a c e l lu la r  v iru s  was no t 
assayed . This c o n s is te d  of Vjffo human serum and 0 .5 ^  lac ta lb u m in  
h y d ro ly sa te  in  Hanks* B alanced S a l t  S o lu tio n  (BSS).
2 . N o n -in h ib ito ry  growth medium. The human serum 
used in  medium 1 (growth medium) co n ta in ed  h e a t- s ta b le  in h ib i to r s
9which interfered with the assay of extracellular virus. For 
experiments involving such assays a medium containing 20$ 
selected non-inhibitory calf serum in Eagle’s solution (Eagle 
1955&) was used.
3* Adsorption medium. Adsorption of virus and 
washing of cells was carried out with more dilute non-inhibitory 
calf serum. Adsorption medium consisted of 0*59$ calf serum 
(non-inhibitory) in BSS.
4. Maintenance medium. The yeast-extract maintenance 
medium of Robertson et al. (1955) was used for certain experiments 
on adsorption and growth in serum-free medium. This consisted 
of 0.1$ Yeastolate (Difco) and 0.25$ glucose in Hanks’ BSS.
Cells. KB cells (Eagle, 1955^) were grown as mono- 
layers in flat screw-capped bottles. For the production of cell 
suspensions a 24 hour culture was usually chosen, half confluent 
and with few cells in the medium. The monolayer was washed 
briefly with trypsin-versene solution (0.02596 trypsin, 0.01$ EDTA) 
and incubated for 3-5 minutes at 37° with 5 ml per bottle of the 
same solution. Cells still adhering to the glass were removed 
by shaking. An equal volume of adsorption medium at room 
temperature was added and the cells dispersed by expulsion through 
a wide bore pipette. After two washes, with low speed
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centrifugation (135g* for 2 minutes), the cells were counted 
in a Neubauer chamber. Cell viability was assayed by ability 
to exclude trypan blue (0#5$ in phosphate buffered saline), 
and on this basis most cell suspensions contained about 95fo 
viable cells. Centrifuge tubes used in cell manipulations 
were treated with a silicone#
Infectivity Titrations# Virus was titrated on the 
CAM of 11 day-old embryonated eggs under the conditions described 
by Westwood et al. (1957)» Results were read on the second day 
after incubation at 36°. Virus dilutions were made in isotonic 
saline containing 0#5^ gelatine.
Cell-associated virus (CAV) was assayed after cell 
disruption and dispersal of the virus particles by one cycle of 
freezing and thawing followed by 30 seconds treatment with an 
ultrasonic drill.
5Staining of Antigen, Cell samples containing about 10 
cells vrere washed in isotonic saline to remove traces of serum 
protein. Smears prepared from these washed cells were dried 
at room temperature for 1 hr. After fixation in acetone for 
15 minutes, the smears were stained by the Coons' method, using 
fluorescein isothiocyanate-conjugated rabbit hyperimmune serum, 
and examined under a Zeiss microscope equipped for fluorescent
11
o b se rv a tio n s  w ith  an  OSRAM HBO 200 mercury vapour lamp as 
l i g h t  so u rce . A t o t a l  of 500 c e l l s  were counted in  each smear.
C om plem ent-Fixation. Suspensions of in fe c te d  c e l l s
5
(5*10 c e l l s  per ml) were d is ru p te d  by trea tm en t f o r  50 seconds 
w ith  an u l tr a s o n ic  d r i l l .  A fte r  c e n tr i fu g a t io n  to  remove c e l l  
d e b r is ,  the amount of a n tig e n  was assayed  by complement f i x a t io n  
t e s t s  w ith  a  hyperimmune r a b b i t  a n t i -v a c c in ia  serum. The immune 
serum, a t  a d i lu t io n  of 1 :80 , and 3 MHD of complement were used 
in  a  dropwise t e s t .  F ix a tio n  was allow ed to  occur o v ern ig h t a t  
4 ° . The d i lu t io n  of a n tig e n  f ix in g  50^ of the complement was 
taken  as the t i t e r .
Experim ental Procedure f o r  S in g le  Cycle Growth Curve.
One to  two m ill io n  c e l l s  in  1 ml a d so rp tio n  medium were t r a n s ­
f e r re d  to  a 3” x ■J** tu b e , which was c lo sed  w ith  a  s i l ic o n e - ru b b e r  
s to p p e r . The a p p ro p ria te  v iru s  d i lu t io n  was added in  a volume 
of 0.05 ml. A dsorp tion  was allow ed to  proceed fo r  30 m inutes 
a t  room tem peratu re , th e  c e l l s  b e in g  s t i r r e d  by a sm all m agnetic 
s t i r r e r  r o ta t in g  in  c o n ta c t w ith  th e  bottom of the tube .
Follow ing a d so rp tio n , the  c e l l s  were washed th re e  tim es w ith  5 ml 
volumes of a d so rp tio n  medium (c e n tr ifu g e d  a t  135 g fo r  2 m in u tes), 
red u c in g  the f r e e  v iru s  to  a  thousandth  of th a t  o r ig in a l ly  added. 
The washed c e l l s  were th en  d i lu te d  to  a  c o n c e n tra tio n  of 10^ c e l l s
TABLE 1.1
Evidence for the Retention of Cellular Integrity by 
Infected Cells and for the Prolonged Association of
Virus with Such Cells.
Medium used 
for Incu- 
bationa
Cell Count 
(log No. per ml)
Virus Infectivity 
(log PFU per ml)
CAV
?ree  Virus
0 hours 24 hours 24 hours after infection
Free Virus Cell-associated
Virus
4(y/o Human 
Serum
5.0 4.9 5.52 6.85 5.55
lj/o Human 
Serum
5.0 5.0 4.48 6.96 2.48
7% Human 
Serum
5.0 5.0 4.40 6.82 2.42
2CP/o Calf 
Serum
5.5 5.5 4.40 6.40 2.00
Yeast
Extract
Maintenance
5.5 5.5 4.48
t
6.42 1.94
a
see Methods.
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per ml in 10 to 2C ml of warmed growth medium contained in 
glass stoppered 6” x 1” tubes (growth tube). These were 
flushed with 5$ CC^-air mixture and incubated over magnetic 
stirrers in a water bath maintained at 37° + 0.25°.
The concentration of 10^ cells per ml in the growth 
tube was chosen for several reasons. (l) At cell concentrations 
less than 10^ per ml the suspended cells did not survive satis­
factorily and virus yields fell. (2) Single cells could be 
isolated from such suspensions without concentrating the sample* 
(3) Smears for fluorescent staining could be made from a 
convenient volume of the cell suspension.
RESULTS
The Prolonged Association of Vaccinia Virus with Infected Cells.
Previous workers (e.g. Overman and Tamm, 1957» Joklik 
and Rodrick, 1959» Furness and Youngner, 1959) have noted that 
vaccinia virus produced in infected cells remains associated with 
them for prolonged periods. A large number of growth cycle 
experiments showed that this was true in suspended KB cells also. 
Table 1.1 shows typical results.
This property allowed a) estimation of the proportion 
of infected cells by specific staining of smears made 24 hours
TABLE 1 .2 .
The e f f e c t  of tem peratu re  and tim e on the  in f e c t io n  of 
suspended KB c e l l s  w ith  v a cc in ia  v i r u s .  The r e s u l t s ,  
p resen ted  as the  percen tage  of in fe c te d  c e l l s  per 
sample, a re  de riv ed  from  se v e ra l experim en ts.
A dsorp tion  
Time 
(m ins. ) 4°
Temperature
22° 37°
10 40 35 60
15 42 52 52
30 - 63 -
40 70 66 56
60 - 60 60
80 62 64 45
150 65 70 25
210 65 62 12
c
A liq u o ts  of c e l l s  (1CD c e l l s  per ml in  ad so rp tio n  medium) 
were mixed w ith  v iru s  (2 EFU per c e l l )  a t  37°» 22° and 4°* 
Samples were removed a t  in te r v a l s ,  washed and incubated  fo r  
24 hours in  growth medium. The percentage of in fe c te d  c e l l s  
was determ ined by f lu o r e s c e n t  an tib o d y  s ta in in g #
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after infection and b) calculation of total virus yield of 
individual cells and populations of cells by determination of 
the infectivity released into non-inhibitory medium by the 
disruption of washed cells*
Adsorption of Virus
It was found in preliminary experiments that the most 
suitable medium for the washing of cells and subsequent 
adsorption of virus was Hanks* BSS containing a small amount of 
serum. To determine the efficiency of adsorption of virus to 
KB cells suspended in this medium, aliquots containing 10^ cells 
in 1 ml adsorption medium (which contained 0*5^ non-inhibitory 
calf serum) were equilibrated for 30 minutes at 57°, 22° and 4° 
and then infected with a virus inoculum of 2 PPU per cell. 
Samples were removed at intervals, washed, resuspended in growth 
medium at a concentration of 10^ cells per ml and incubated at 
37° for a total period of 24 hours. An estimate of the 
efficiency of virus uptake by cells was obtained from counts of 
fluorescent cells at the end of this time. Maximum uptake was 
reached by 30-40 minutes at 4° and 22° (Table 1*2), At 37° no 
significant increase was detected after 10 minutes but counts 
decreased after 60 minutes probably due to adverse pH conditions 
produced by cells metabolising at this concentration.
lO O  r-
TIME OF ADDITION OF ANTISERUM (MINUTES OF INCUBATION AT 37°)
FIG. 1 .1  The A cq u is itio n  of Serum R esis tan ce  by In fe c te d  G e lls .
C e lls  were in fe c te d  and incubated  a t  37°» At the  tim es 
in d ic a te d  1 ml samples were removed, t ra n s fe r re d  to  se p a ra te  
growth tubes and incubated  in  the presence of I s 30 hyper­
immune serum. A fte r  24 hours in cu b a tio n , samples were
removed from a l l  tubes and s ta in e d  w ith  f lu o re s c e n t  an tibody
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Imm ediately a f t e r  an  a d so rp tio n  p e rio d  of 30 m inutes 
a t  22 c r  37 only 75?a of the v iru s  in p u t could be recovered  
as in fe c t io u s  v iru s , whereas in  c o n tro l tubes la ck in g  only c e l l s  
the  whole of the  in p u t was reco v ered . About o n e - th ird  of the 
r e s id u a l  i n f e c t iv i ty  was in  the su p e rn a ta n t f l u i d  and the r e s t  
f irm ly  bound to  the c e l l s .  Subsequent experim ents suggested  
tn a t  p a r t  a t  l e a s t  of the  m issing  25^  of the  t o t a l  inoculum had 
become n o n -in fe c tio u s  (gone in to  " e c l ip s e " )  in  the c e l l s .  I t  
can be in fe r r e d  th a t  the  p rocess re sp o n s ib le  f o r  th i s  lo s s  in  
in f e c t iv i t y  s t a r t s  when the v iru s  i s  added to  the c e l l s  and in  
a l l  growth curve experim ents zero  time has been tak en  as the tim e 
of a d d it io n  of v iru s  to  th e  c e l l s .  A p e rio d  of about 1 hour 
e lap sed  between zero time and the commencement of in c u b a tio n  a t  
37°.
In  a l l  experim ents, 9&/o of the  unadsorbed v iru s  was 
recovered  in  the  f i r s t  wash.
P e n e tra tio n  of V irus
The p e n e tra tio n  of v iru s  was in v e s t ig a te d  by d e te rm in in g  
the r a te  of a c q u is i t io n  of serum r e s is ta n c e .  A p o p u la tio n  of 
c e l l s  was exposed to  v iru s  f o r  30  m inutes a t  22°, washed, and 
d i lu te d  in  growth medium. A f te r  in c re a s in g  tim es of in c u b a tio n  
a t  37°, 1 ml a l iq u o ts  were removed and incubated  s e p a ra te ly  in
TABLE 1.3
Acquisition of Serum Resistance and Loss 
of Infectivity of Cell-Associated Virus.
Period of Incubation 
(minutes)
Acquisition of Serum 
Resistance0- log V^/V'
Eclipse*3 of CAV 
log V0/V
0 0.056 0.0
30 0.268 0.076
60 0.377 0.201
90 0.745 0.377
120 0.745 0.569
180 1.523 0.638
Cells were infected and incubated in growth medium. At the 
times stated, the titer of CAV was measured and 1 ml aliquots 
removed and incubated separately in the presence of hyperimmune 
serum* After a total of 24 hours incubation, samples of cells 
were removed from all tubes and stained with fluorescent antibody,
a. V* » titer of CAV still accessible to antibody calculated 
from the proportion of cells shown by fluorescent 
staining to be uninfected following antibody treatment 
(proportion negative « e~m).
b. Eclipse used here to describe the process by which 
particles become non-infectious. V = titer of CAV.
15
small tubes in the presence of a 1:30 dilution of specific 
hyperimmune serum* At the end of 24 hours incubation, samples 
of cells were removed from all the tubes and stained with 
fluorescent antibody* Virus rapidly became resistant to 
neutralization (Fig, 1*1), the 5O/o end-point being reached after 
only 40 minutes incubation of the virus-cell complex (Table 1*3).
In the same experiment, the titer of cell-associated 
virus at various times after infection was also measured* It is 
apparent from Table 1*3> in which the rate of acquisition of 
serum resistance is compared with the loss of infectivity of 
cell-associated virus, that the former process occurred at a 
faster rate than the latter. Thus, on the average, a virus 
particle associated with a cell first became resistant to antibody 
and then became non-infectious*
Virus Growth
The development of new viral material was followed by 
three methods; the specific staining of antigen in cells by 
fluorescent antibody, complement-fixation, and the titration of 
infectious virus*
Development of Antigen. In a population of cells 
receiving a virus inoculum of 2 PFU per cell and stained with 
fluorescent antibody there is an initial faint diffuse fluorescence
O 50
TIME AFTER INFECTION (HOURS)
FIG. 1.2# Development o f a n tig e n  in  c e l l s  in fe c te d  w ith  
in p u t m u l t ip l ic a t io n  of 20 (o), 8 ( a ) and 2 (x ) .  C e lls  
removed a t  th e  in d ic a te d  tim es were s ta in e d  w ith
f lu o re s c e n t  an tibody
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visible on the surface of the cells at the end of adsorption.
This persists until, after about 4-,5 hours, new virus antigen 
appears as small fooi in a few cells. These foci increase in 
size until the cytoplasm of the cell is full of fluorescent 
material. Concurrently with this, the proportion of cells 
containing antigen increases (Fig. 1.2). As Cairns (i960) 
found with cells in monolayers, the curve of antigen production 
rises much more steeply with high multiplicities. With a viral 
inoculum of 20 PFU per cell, antigen was first seen after three 
hours, and by eleven hours all cells were brilliantly fluorescent. 
The maximum proportion of fluorescing cells was reached by 24 
hours and counts were routinely made at this time.
With milltiplicities insufficient to infect all cells, 
the proportion of cells containing antigen at 24 hours is related 
to the virus input as shown in Fig. 1.3. The relation between 
the function plotted is linear when few cells in the population 
are multiply infected (i.e. with viral inocula 4 2 PFU per cell) 
but at higher multiplicities deviates somewhat from linearity.
This may be partly due to variation in cell size but the major 
factor is probably variation in susceptibility. At high 
multiplicities all viable cells, as judged by the ability to 
exclude trypan blue, were infected.
INPUT MULTIPLICITY (PFU PER CELL)
FIG. 1.3. Relation between the input multiplicity and 
the proportion of cells containing antigen at 24 hours# 
Cells were mixed with varying concentrations of virus, 
adsorption allowed to proceed in adsorption medium for 30 
minutes at room temperature, the cells washed and then 
incubated in growth medium for 24 hours at 37°• Cell
smears were stained with fluorescent antibody.
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The presence of sufficient antigen to fix complement 
was observed in the first sample tested, at 6 hours after 
infection* Thereafter the titer rose rapidly to reach a 
maximum value of 32 at about 20 hours (Table 1*4).
'.Development of Infectious Virus. Alterations in the titer of 
infectious virus were followed by frequent titrations of the 
virus content of suspended cell cultures up to 48 hours after 
the end of the adsorption period* Two virus inocula were used,
2 PFU per cell and 20 FFU per cell. The results will be 
discussed in terms of changes in the infectious virus content 
of suspended cell populations, and of individual cells; and the 
relation between antigen stained by fluorescent antibody and 
infectious virus.
1. Infectious Virus in Cell Populations. Fig. 1*4 
illustrates typical growth curves obtained from populations of 
cells suspended in growth medium after infection with viral 
inocula of 20 and 2 PFU per cell. Titration of unadsorbed virus 
indicated that the adsorbed multiplicities were 15 and 1*5 
respectively but immediately following the start of the 
incubation only two-thirds of this could be detected by assay on 
the CAM. At two-hourly intervals volumes of 1 ml were removed 
from the growth tubes. Half of this was used for the preparation
TAB IE 1.4
The P ro d u ctio n  of Complement-Fixing A ntigen in  C e lls  
In fe c te d  w ith  V accin ia V iru s .
Time a f t e r  In fe c t io n A ntigen  T i te r
1 0
6 4
9 8
12 16
18 32
21 32
30 32
C e lls  were in fe c te d  and incubated  in  growth medium. 
At the tim es given 5*10^ c e l l s  were removed, washed 
and resuspended in  1 ml g e la t in e  s a l i n e .  A fte r  
d is ru p tin g  the c e l l s  and removing any p a r t ic u la te  
m a te r ia l  by c e n tr i fu g a t io n ,  th e  r e s u l t in g  a n tig e n  
p re p a ra t io n  was d i lu te d  s e r i a l l y  and t i t r a t e d  f o r  
com plem ent-fix ing  a c t i v i t y  w ith  a  f i n a l  d i lu t io n  of
1 j 80 antiserum ,
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of smears for fluorescent staining. The other half was spun 
down, the supernatant discarded and the cells resuspended in 
gelatine saline and stored at -6o°. At the completion of the 
experiment all samples were thawed, treated with the ultrasonic 
drill and titrated on the CAM* Cell counts were made on 
alternate samples and remained constant.
The curves for viral infectivity are similar and can 
be divided into three stages: (l) fall in titer, from 0 to 5
hours, (2) rapid increase , from 5 to 9 or 10 hours, and (3) 
slower logarithmic increase from 10 to 30 hours. On incubation, 
the titer of cell-associated virus fell until at 4 hours only 
10-15$ of the virus cell-associated at 0 hours could be detected. 
Prom the fifth to the ninth hour, with an inoculum of 20 PPU per 
cell, and the fifth to the tenth hour with 2 PFTJ per cell, the 
infectivity titer rose rapidly to reach a level of about 16 PFU 
per infected cell* Thereafter there was a slower increase to a 
maximum of about 150 PPU per infected cell by the thirtieth hour* 
The titer fell slightly during the subsequent 18 hours*
2. Infectious Virus in Single Cells. At intervals 
single cells were isolated from each of the growth tubes used for 
the experiment described above. Approximately 20 cells were 
blown into a small drop of gelatine saline under oil and then
FIG. 1 .4 . Growth cy c le  o f v a c c in ia  in  suspended KB c e l l s  
in  grow th medium over a  p e r io d  o f 48 h o u rs . C e lls  in f e c te d  
w ith  in p u t m u l t i p l i c i t i e s  o f 20 (o ) and 2 ( a ) .
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transferred individually with a micropipette to tubes 
containing 0*5 ml gelatine saline. The contents of the tubes 
were frozen, thawed and sonicated and the entire sample was 
titrated on five eggs. The results are shown in Table 1*5*
With an inoculum of 20 PFU per cell all nine cells 
assayed at the end of the adsorption period yielded virus, the 
average number of PFU per cell being 9* Six hours later only- 
five out of twenty cells were positive, and each of these yielded 
only one PFU per cell. By the eleventh hour 90/o of the cells 
sampled yielded virus, and this situation persisted throughout 
the rest of the experiment. There was a gradual increase in 
the mean virus yield per cell«
With an inoculum of 2 PFU per cell no yielders were 
found at 7 hours, but at 11 hours 'JOfo of cells yielded a mean of 
19 PFU per cell, and the proportion remained about the same for 
the remainder of the experiment, although the yield per cell rose 
steadily. Virus yields of yielders in samples of single cells 
were fairly evenly distributed around the mean value.
3* Relation between Development of Antigen and Infectious 
Virus. In the early stages of the growth cycle there was a 
divergence between infectivity and the presence of antigen in 
cells. With m=15» antigen could first be detected after about
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3 hours and was p re se n t in  a  la rg e  p ro p o rtio n  of c e l l s  a f t e r  
5 h o u rs . In  c o n tr a s t ,  the  f i r s t  in c re a se  in  t i t e r  of c e l l -  
a s s o c ia te d  v iru s  could  n o t be d e tec te d  u n t i l  a f t e r  5 h o u rs . 
S im ila r ly ,  w ith  th e  lower m u l t ip l ic i ty ,  15$ of c e l l s  con tained  
a n tig e n  a t  5 hours whereas the i n f e c t iv i ty  was a t  i t s  low est 
le v e l  a t  t h i s  tim e .
Under normal c o n d itio n s , however, the tim e of f i r s t  
appearance of new v iru s  i s  obscured by th e  p e rs is te n c e  o f 
r e s id u a l  u n ec lip sed  v i r u s .  The p ro d u c tio n  of new v iru s  i s  
probab ly  b e t t e r  in d ic a te d  by a change in  s lo p e  of th e  e c l ip s e  
curve th an  by an a b so lu te  in c rease  in  t i t e r .  This has been 
shown unequivocabiy  by th e  use of sodium az id e  (E aste rb ro o k , 1961). 
K in e tic  experim ents w ith  a z id e  allow ed an a cc u ra te  assessm ent to  
be made of th e  p ro d u c tio n  of new a n tig e n  and new in fe c t io u s  v iru s , 
and showed th a t  th ese  ev en ts  could n o t be sep a ra te d  in  tim e.
Fate of the In fe c tin g  Virus P a r tic le
The f i r s t  s tag e  of the growth cycle  i s  c h a ra c te r is e d  
by a f a l l  i n  t i t e r  o f c e l l - a s s o c ia te d  v iru s . To o b ta in  more 
evidence on the f a t e  o f the in f e c t in g  v iru s  p a r t i c l e s ,  a  suspension  
of c e l l s  was in fe c te d  w ith  an inoculum of 9 FFU p e r c e l l  
(Adsorbed m -  4*5) and tr a n s fe r re d  to  a  growth tube c o n ta in in g  
n o n - in h ib ito ry  growth medium. I n f e c t iv i ty  and flu o re sc en c e
TIME AFTER INFECTION (HOURS)
FIG, 1 ,5 .  Growth c y c le  o f v a c c in ia  in  KB c e l l s  suspended
in  n o n - in h ib i to ry  medium over a  p e r io d  o f 10 hours
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were measured in the usual way, attention being concentrated 
on the first seven hours of the growth cycle* The results are 
shown in Pig* 1*5. There was a profound fall in cell- 
associated virus from 4*5 FFU per cell to 0.04 FFU per cell in 
the first 3 hours of incubation* The initial fall was very 
rapid, from 4.5 to 1.2 PFU per cell during the hour occupied 
by manipulations between addition of virus to cells in the 
adsorption tube and resuspension of cells in the growth tube. 
There was a rapid rise in infectivity between the fifth and 
seventh hour.
The infectivity of single cells during this early stage 
of the growth cycle was measured by two different methods, 
titration of single cells for cell-associated virus, and for 
their ability to initiate a plaque (Table 1.6)* The latter 
property was measured by mixing washed cells with chick embryo 
fibroblasts and allowing the latter to form a monolayer (Abel, 
to be published). The percentage of infected cells at 1 and 
5 hours was 90, the same as that determined by single cell 
titration and fluorescent antibody staining at the end of the 
growth period. In contrast, the data from Pig. 1.5 shows that 
at 5 hours cell-associated virus averaged only 0.04 PFU per cell 
and none of twenty single cells assayed at this time yielded
TABLE 1.6
Titration of cells taken at intervals 
during a growth cycle in non-inhibitory 
medium.
Time after 
addition of 
Virus to 
cells (hours)
Percentage of Cells
Initiating
Plaques
Yielding
Virus
Containing
Antigen
1 88 - -
5 90 0 -
7 - 25 -
30 - 92 90
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v ir u s .  The v iru s  which has i n i t i a t e d  in f e c t io n  in  the c e l l s  
has passed through a s tag e  when i t s  in f e c t iv i t y  could n o t be 
dem onstrated .
Virus R elease
I t  has been shown p rev io u sly  (Table l , l )  t h a t  v iru s
produced in  c e l l s  rem ains a s s o c ia te d  w ith  them f o r  lo n g  p e rio d s .
The fo llo w in g  experim ents were c a r r ie d  out to  determ ine the
lo c a t io n  of in fe c t io u s  c e l l - a s s o c ia te d  v iru s .
A fte r  26 hours in c u b a tio n  an in fe c te d  c e l l  su spension
5
was washed and co n cen tra ted  to  5x10 c e l l s  per ml. An a l iq u o t
of 1 ml was exposed to  hyperimmune serum ( f in a l  d i lu t io n  1:100)
f o r  10 m inutes a t  37°» th en  d i lu te d  I s 100 in  g e la t in e  s a l i n e .
A fte r  d is ru p tio n  of the  c e l l s ,  r e s id u a l  v iru s  was assayed  and
compared w ith  a second a l iq u o t  t r e a te d  in  the same way b u t w ith
the  om ission of an tise ru m , A th i r d  a l iq u o t  was so n ica te d  befo re
exposure to  an tise ru m . The same procedure was perform ed on
c e l l s  in cu b ated  f o r  48 hours a f t e r  in f e c t io n .  The r e s u l t s
(Table 1 ,7 )  show th a t  a t  bo th  tim es the  m ajor p a r t  of the t o t a l
in fe c tio u s  v iru s  was n o t n e u tra l iz e d  by an tise ru m .
An a tte m p t was a ls o  made to  remove in fe c t io u s  v iru s
from the c e l l  su rface  by the a c t io n  of t ry p s in  o r v e rsen e . A fte r
5
28 hours in cu b a tio n , 3x10 c e l l s  were washed and d iv id ed  in to  
th ree  a l iq u o ts .  These were t r e a te d  writh a )  0*5^ t ry p s in
TABLE 1.7.
The Inaccessibility of Cell-Associated 
Virus to Antiserum.
Treatment prior to Assay Virus Titer
(PFU per inl x 104)
26 hours 48 hours
Antib ody-re sis tant 1. Treated with antiserum 64 96
2. Diluted 1:100
virus in suspension 3. Disrupted
Antib ody-resis tant 1. Disrupted
2. Treated with antiserum 3 4
virus in disrupted 3. Diluted 1:100
suspension
Total virus content 1. Disrupted 77 128
2. Diluted 1:100
of suspension
Cells were infected and incubated in growth medium. After 
26 and 48 hours, aliquots of cells were removed, washed 
and treated prior to assay as shown above.
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b) 0.02^6 versene c ) rem ained u n tre a te d , f o r  30 m inutes a t  37°. 
The c e l l s  were then  washed tw ice w ith  g e la t in e  s a lin e  and fro zen . 
On t i t r a t i o n  no d if fe re n c e  could  he d e te c te d  between c e l l s  
exposed to  try p s in  or versene and those  n o t t r e a te d .
Both experim ents in d ic a te  th a t  most of the v iru s  
produced rem ains i n t r a c e l l u l a r .
Absence of Secondary In f e c t io n  in  th e  Growth Tube
I t  was im portan t to  decide w hether secondary in fe c t io n  
occurred  under the  c o n d itio n s  d e sc r ib e d . C e lls  were in fe c te d  
w ith  s e v e ra l m u l t ip l i c i t i e s  of v iru s  and a f t e r  ad so rp tio n  each 
p re p a ra tio n  was d iv id ed  in to  two p a r t s .  One of each of these  
was d i lu te d  w ith  an equal volume of u n in fe c ted  c e l l s  so th a t  the  
f i n a l  co n ce n tra tio n  of a l l  p re p a ra tio n s  was 10^ c e l l s  per ml.
A ll the samples were then  incubated  f o r  24 h o u rs . Exam ination 
of s ta in e d  smears made a t  th e  end of t h i s  p e riod  showed th a t  
only h a lf  as many c e l l s  in  the  p re p a ra tio n s  mixed w ith  f re s h  
c e l l s  were in fe c te d  as in  the c o n tro ls .  With m u l t ip l i c i t i e s  
of about 1, 60- 7O/o of c e l l s  showed flu o rescen ce  by the  24th hour 
and no more f lu o re sc e d  on prolonged in c u b a tio n . I t  was 
p o ss ib le  th a t  c e l l s  n o t in fe c te d  i n i t i a l l y  became in s u sc e p tib le  
due to  t h e i r  m aintenance in  su sp en sio n . However, i f  c e l l s  
were m ain tained  in  su sp en sio n  in  a  growth tube , a t  a 
c o n ce n tra tio n  of 10^ c e l l s  per ml f o r  24 hou rs , then co n cen tra ted
TIME AFTER INFECTION (HOURS)
FIG, 1,6. Effect of prior incubation of KB cells in 
suspension for twenty-four hours on the time of production 
of virus.
o Cells incubated for 24 hours before infection.
^ Control
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to 10° per ml in an adsorption tube and infected in parallel 
with a freshly prepared cell suspension they were equally 
susceptible to infection (Fig. 1.6).
Both types of experiment indicate that secondary 
infection in the growth tube does not occur to a significant 
extent.
DISCUSSION
The aim in the experiments described in this paper 
was to obtain an overall picture of the growth cycle of vaccinia 
in suspended cells by a method which could be used for 
quantitative studies on the development of poxviruses under 
conditions of metabolic and specific inhibition. For such 
studies it is desirable a) that the multiplicity of the 
infecting virus should be known, b) that the growth of virus 
should be restricted to a single cycle, c) that the virus 
yields of individual cells and populations of cells should be 
easily determined at intervals throughout the growth cycle, 
d) that the production of antigen by individual cells could be 
compared with their content of infectious virus and e) that 
the number of cells responsible for the observed yield of 
infectious virus should be known. The method described 
satisfied these requirements reasonably well.
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The removal of unadsorbed v iru s  from c e l l s  in  
suspension  is  e a s i ly  and ra p id ly  ach ieved  and a t  the  s t a r t  o f 
in cu b a tio n  more th an  99/o of the t o t a l  v iru s  p re se n t i s  c e l l -  
a s s o c ia te d . V accin ia v iru s  i s  very  slow ly re le a s e d  from 
in fe c te d  c e l l s  and th is  s i tu a t io n  i s  m ain tained  throughout the 
growth c y c le .
Counts of the  p ro p o rtio n  of c e l l s  s ta in in g  w ith  
f lu o re s c e n t  an tibody  a t  th e  end of the growth cycle  p rov ides a 
ready e stim ate  of the p ro p o rtio n  of c e l l s  in fe c te d  by a g iven  
inoculum. I t  g iv es  in fo rm atio n  on la rg e  numbers of c e l l s  
o therw ise  o b ta in ab le  only , a f t e r  d i lu t io n ,  by in fe c te d  c e l l  
counts o r s in g le  c e l l  a ssa y . The e s tim a te  i s ,  of co u rse , 
accu ra te  only i f  v i r u s  p ro d u c tio n  i s  l im ite d  to  those  c e l l s  
i n i t i a l l y  in fe c te d . D ire c t experim ents showed th a t  secondary 
in fe c t io n  d id  no t occur to  a  s ig n i f ic a n t  e x te n t and the f a i lu r e  
of c o lch ic in e  (50 mg per ml) to  a f f e c t  the p ro p o rtio n  of c e l l s  
s ta in e d  (unpublished  r e s u l t )  e lim in a te d  the p o s s ib i l i ty  th a t  
d iv is io n  of in fe c te d  and u n in fec ted  c e l l s  occurred  a t  d i f f e r e n t  
r a te s  d u rin g  the  growth c y c le .
Noyes and Watson (1955) and C airns (i960) have shown 
th a t  in  monolayers s ta in e d  w ith  f lu o re s c e n t  an tibody  the number 
of c e l l s  s ta in e d  was p ro p o r tio n a l to  th e  amount of v iru s  added* 
R esu lts  re p o rte d  here  dem onstrate  a s im ila r  r e l a t io n  in  the
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suspended KB c e l l  system  (F ig , 3) .  Vfith sm all v i r a l  in p u ts , 
the d e v ia t io n  from a 45^  slope was s l i g h t  and th e  v iru s  
m u l t ip l ic i ty  (m) can be d e rived  from  the ex p re ss io n ,
P ro p o rtio n  p o s i t iv e  = l - e ”m. W ith la rg e r  in p u ts  the e s tim a te  
o b ta ined  in  t h i s  way becomes in c re a s in g ly  in a cc u ra te  and such 
m u l t i p l i c i t i e s  have to  be c a lc u la te d  approxim ately  from the  
s ta in e d  c e l l  counts o b ta ined  w ith  a 5 -fo ld  or 1 0 -fo ld  d i l u t i o n  
of the v i r u s ,  pu t up in  p a r a l l e l  w ith  the more co n cen tra ted  
p re p a ra t io n . This d e v ia t io n  from l i n e a r i t y  has been observed 
in  o th e r  v i r u s - c e l l  system s (Marcus, 1959) and i t  has been 
p o s s ib le  to  i s o la te  c lones of c e l l s  hav ing  g re a te r  and more 
uniform  s u s c e p t ib i l i ty  to  the v iru se s  s tu d ie d  (NDV -  M arcus, 1959» 
p o lio v iru s  -  D arn e ll and Sawyer, 1959)* D oubtless s im ila r  c lones 
w ith  h igh  uniform  s u s c e p t ib i l i ty  to  v a c c in ia  v iru s  could  be 
is o la te d  and in  th e se , the high m u l t ip l i c i t i e s  used in  r e ­
com bination experim ents m ight be determ ined w ith  reaso n ab le  
accu racy .
Repeated sampling from a s in g le  growth tube obviates  
the need fo r  time r e p lic a te s . Ind iv idual c e l l s  can be 
iso la te d  w ithout d i f f i c u l t y  and th e ir  v iru s assayed a t any time 
in  the growth c y c le . Since vaccin ia  v irus remains c e l l -  
asso c ia ted  fo r  so long, the virus released  on d isru p tion  
comprises the to t a l  in fe c t iv e  v irus produced in  the c e l l  prior
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to  sam pling .
D uring these  experim ents, s e v e ra l f a c t s  emerged 
which a re  of g en era l i n te r e s t  in  the  c o n s id e ra tio n  of the 
growth cy c le  o f v a cc in ia  v irus*  Adsorbed v iru s  ra p id ly  
becomes r e s i s t a n t  to  the  b lo ck in g  a c t io n  of an tibody  and th e  
r a te  of th i s  r e a c t io n  exceeds the  r a te  of lo s s  of v iru s  
i n f e c t i v i t y .  Thus an  in fe c t in g  v iru s  p a r t ic le  becomes 
r e s i s t a n t  to  an tibody  n e u tr a l iz a t io n  befo re  i t  becomes non- 
in fe c tio u s*  Such a f in d in g  p rov ides evidence th a t  v a c c in ia  
v iru s  lo se s  i t s  in f e c t iv i ty  as the  r e s u l t  of an  i n t r a c e l lu l a r  
r e a c t io n  r a th e r  than  as the r e s u l t  of i r r e v e r s ib le  b in d in g  to  
the  c e l l  s u r fa c e . U n til  r e c e n tly  a  group of workers (M aitland  
and P o s tle th w a ite , 1959) in s is te d  th a t  i t  had no t been s a t i s ­
f a c to r i l y  dem onstrated  th a t  v a c c in ia  v iru s  underwent e c l ip s e  
of the  type now regarded  as c h a r a c te r i s t i c  of v iru s  grow th. 
Since th en  th ese  workers have ob ta ined  evidence of a profound 
f a l l  in  i n f e c t iv i t y  on in cu b a tio n  of a c e l l - v i r u s  complex 
(P o s tle th w a ite  and M aitland , i960) as have Furness and Youngner 
(1959) u s in g  monkey kidney c e l l s  in  monolayers and su spension . 
In  the p re s e n t experim en ts, evidence was o b ta ined  of the  type 
w idely accep ted  as in d ic a t iv e  of an e c lip se  phase, v iz .  a f a l l  
of t i t e r  of c e l l - a s s o c ia te d  v iru s  from 4*5 to  0.04 FFU per c e l l
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and a failure to recover virus from single cells at a time 
when the infected cell count was 90/o, The fall in titer of 
infectious virus observed during this phase was variable under 
conditions conducive to subsequent virus growth. If, however, 
new virus growth was inhibited by sodium azide, infectivity 
fell by 9 9 and sometimes as much as 99*0^ (Easterbrook, 1961). 
This demonstrates that the apparent extent of eclipse is 
determined by two processes, the loss of infectivity of input 
virus and the production of new virus. Conclusive evidence of 
such an eclipse is provided by electronmicroscopic (Higashi, 1959) 
and autoradiographic (Cairns, i960) observations of the 
development of DN/L pools lacking mature virus particles 6 hours 
after infection.
Cairns (i960) has shown that with the same strain of 
vaccinia (V-MH) added to KB cell monolayers to give a multip­
licity of 6, new antigen and new DNA were first detectable 4 
hours after infection. With suspended cells infected with an 
inoculum of 20 PFU per cell and subsequently stained with 
fluorescent antibody, newly-developed antigen was visible 3 
hours after infection and very obvious at 5 hours; sufficient 
antigen to fix complement was present before 6 hours. New 
infectious virus could be detected, at very low concentrations, 
by the sixth hour and the titer of infectious virus then rose
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r a p id ly  u n t i l  about the te n th  h o u r. By t h i s  tim e, w ith  h igh  
m u l t i p l i c i t i e s ,  a l l  c e l l s  capable of producing  v iru s  were 
doing  so  (as judged by f lu o r e s c e n t  an tibody  s ta in in g ) .  From 
the te n th  u n t i l  about the t h i r t i e t h  hour the  i n f e c t iv i ty  t i t e r  
ro se  lo g a r ith m ic a lly , doubling  every  6 J -h o u rs . With lower 
m u l t i p l i c i t i e s  (inoculum  of 2 PFU per c e l l )  asynchrony caused 
a  p ro longed and more g radual i n i t i a l  r i s e ,  b u t once a g a in  when 
a l l  in fe c te d  c e l l s  had s t a r t e d  to  produce v iru s  the i n f e c t iv i ty  
t i t e r  ro se  lo g a r ith m ic a lly  a t  a  s im ila r  r a t e .  With the  te s te d  
l im i t s ,  ( in p u ts  from 2 to  20 PFU per c e l l )  the f i n a l  average 
y ie ld  per in fe c te d  c e l l  was th e  same.
The f a i lu r e  of an tib o d y  to  n e u tra l iz e  more than  a sm all 
p a r t  of the in fe c t io u s  v iru s  p re se n t even a t  48 hours a f t e r  
in f e c t io n ,  and the f a i lu r e  of t ry p s in  or versene to  remove such 
v iru s  from c e l l s ,  show th a t  mature v a cc in ia  vinos rem ains in  an 
i n t r a c e l l u l a r  p o s i t io n  f o r  a co n sid e rab le  time a f t e r  i t s  
p ro d u c tio n , Ihe m a tu ra tio n  of v a c c in ia  is  thus d is tin g u ish e d  
from th a t  of th e  m yxoviruses. In  the  l a t t e r  case assembly 
and m a tu ra tio n  occur a t ,  or n ea r, the  c e l l  su rface  and more than  
95rfo of the in f e c t io u s  v iru s  p re sen t a t  any time d u rin g  the 
growth cy c le  can  be n e u tra l iz e d  by s p e c i f ic  an tibody  (F ra n k lin  
and Henry, I960 ; Rubin e t  a l . ,  1957)»
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SUMMARY
The multiplication of vaccinia virus was investigated 
in suspensions of KB cells, assays being made by infectivity 
titrations and by staining' cells with fluorescent antibody.
Under the conditions described, 50-60^6 of the input virus was 
adsorbed in 30 minutes, free virus was reduced to less than l°/0 
by a single wash and virus multiplication was restricted to a 
single cycle.
Adsorbed virus became serum resistant and soon after­
wards there was a fall of 80-90^ in the infectivity titer of 
cell-associated virus. Assay of single cells in the early 
stages of the growth cycle indicated the existence of a true 
eclipse phase.
Infectivity began to rise between the 5th and 7th hour 
and when all infected cells were producing virus the infectivity 
titer rose logarithmically between the 10th and 50th hour. The 
maximum titer reached was approximately 150 PFU per infected 
cell and was independent of the multiplicity of infection 
between m » 1.5 and m = 15 at least. Most of the newly-formed 
infectious virus was not accessible to antibody, showing that 
maturation was an intracellular process and mature virus remained 
in an intracellular location.
The proportion of infected cells could be determined by a
29b
fluorescent cell count at the end of the growth cycle and 
from this an estimate of the multiplicity of infection could 
be made.
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ANALYSIS OF THE EARLY STAGES OF VACCINIA VIRUS
INFECTION IN  KB CELI£ USING SODIUM AZIDE.
31.
INTRODUCTION
Thompson (1947) examined a large number of chemicals 
for their possible inhibitory activity on the growth of vaccinia 
virus in tissue culture* Amongst these, sodium azide was found 
to reduce or prevent the multiplication of vaccinia.
Preliminary experiments indicated that azide mi^it specifically 
inhibit an early stage of viral multiplication and the 
development of more refined techniques for the analysis of 
vaccinia virus multiplication (Cairns, i960; Easterbrook, 1961) 
prompted a re-investigation of its effect, which is reported here.
MATERIALS AND METHODS
All materials used in this study have been fully 
described in the preceding paper (Easterbrook, 1961). Heat- 
inactivated virus (designated by the prefix H-) was prepared as 
described by Jok lik et al. (i960).
The general experimental method was as follows. KB 
cells which had been grown as a monolayer were dispersed with 
trypsin-versene and 10^ cells were suspended in 1 ml of BSS, 
containing 0*5^ non-inhibitory calf serum in small siliconed 
tubes ("infection tubes"). They were infected by adding 0.1 
ml of a virus suspension to the cells and stirring them for 30 
minutes at room temperature. Unadsorbed virus was removed by
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washing in  the c e n tr ifu g e  and the  c e l l s  were d i lu te d  to  a 
c o n c e n tra tio n  of 10^ c e l l s  per ml in  growth medium in  la rg e r  
s i l ic o n e d  tubes ( “growth tu b es“ ) .  The c e l l s  were a g i ta te d  
w ith  m agnetic s t i r r e r s  and incubated  a t  37° in  a  w ater b a th . 
A liquo ts  were removed a t  in te rv a ls  f o r  a ssay  purposes.
In fe c t io u s  v iru s  was t i t r a t e d  on the c h o r io a l la n to ic  membrane 
(CAM) and the p ro p o rtio n  of c e l l s  c o n ta in in g  a n tig e n  was 
determ ined by f lu o re s c e n t  an tibody  s ta in in g .  At any s tag e  
sodium az id e  could be added or removed by washing the c e l l s  and 
resu spend ing  them in  growth medium.
RESULTS
The Minimal E f fe c tiv e  C o n cen tra tion  of Sodium A zide.
The minimal e f f e c t iv e  c o n c e n tra tio n  of az id e  re q u ired  
to  in h ib i t  v i r a l  sy n th e s is  was determ ined by in cu b a tin g  in fe c te d  
KB c e l l s  in  in c re a s in g  co n ce n tra tio n s  of a z id e . Samples were 
taken  a f t e r  30 hours in c u b a tio n  f o r  in f e c t iv i t y  t i t r a t i o n  and 
a n tig e n  s ta in in g .
The r e s u l t s  (Table 2 .1 )  in d ic a te  th a t  sodium az id e  
com pletely  in h ib i te d  v i r a l  m u lt ip l ic a t io n  a t  c o n ce n tra tio n s  of 
3 •10~^M or g re a te r .  There was some e f f e c t  a t  10“^M but none 
a t  lO^M  a z id e . In  a l l  subsequent experim ents az id e  was used a t  
a  c o n c e n tra tio n  o f 3*10”% .
TAB IE 2.2.
The Effect of Azide on Virus Infectivity
Incubation Time Titer (PPU per ml x 105)
at 37
(in hours) Cells incubated in
Growth Medium Growth Medium +
Azide (3.10”5m )
0 8.7 8.4
6 6.1 6.8
22 2.8 3.3
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Sodium azide  could e x e r t i t s  in h ib i to ry  e f f e c t  in  
one of s e v e ra l  ways, or perhaps by a com bination of th e se .
I t  could  in a c t iv a te  f r e e  v iru s , i t  could  so a l t e r  c e l l s  th a t  
they were subsequen tly  unable to  take  up o r produce v iru s , or 
i t  could a f f e c t  one or more s p e c if ic  s tag e s  in  the growth 
cycle  of the  v iru s .
The E f fe c t  o f Azide on V accinia V irus I n f e c t iv i ty
To t e s t  w hether az id e  had any d i r e c t  e f f e c t  on the 
i n f e c t iv i t y  of f r e e  v a c c in ia  v iru s ,  s to ck  v iru s  was d i lu te d  in  
growth medium w ith  o r w ithou t the  a d d itio n  of az id e  and 
incubated  a t  37°* At in te rv a ls  samples were d i lu te d  in  
g e la t in e  s a l in e  and t i t r a t e d  on the CAM.
The ra te  o f in a c t iv a t io n  in  growth medium was not 
in c re a se d  by the presence of a z id e , the in a c t iv a t io n  d u rin g  22 
hours being- about 6(yfa in  both  media (Table 2 .2 ).
The E f fe c t  of Azide on the C apacity  of C e lls  to  Produce Virus 
and on the A dsorp tion  and E c lip se  of V irus
The p o s s ib i l i ty  th a t  c e l l s  exposed to  az id e  a re  rendered  
in cap ab le  of su p p o rtin g  v i r a l  m u lt ip l ic a t io n  because of 
permanent p h y s io lo g ic a l impairment was in v e s t ig a te d .  In  the  
same experim ent th e  e f f e c t  of az id e  on the a d so rp tio n  and 
e c l ip s e  ( lo s s  of i n f e c t iv i ty )  of v iru s  was observed. A liquo ts
TABLE 2,3
The Effect of Azide on the Capacity of Cells to
aProduce Virus and on the Adsorption and Eclipse
of Virus.
Time after
Cells Preincubated 60 minutes before 
Virus Yield (pFü/Cell)
Infection
Infection
(hours) + Azide - Azide
Cells Infected, Incubated Cells Infected, Incubated
+ Azide - Azide + Azide - Azide
1 8 6.4 6.4 6.2
3 1.4 1.4 1.3 0.7
5& 0.6 0.5 0.6 0.6
10 0.3 7.7 0.6 7.3
22 0.13 48 0.1 33
31 0.07 78 0.05 70
a 0.6
Rate of eclipse « log (l - 6.4) / 4*5 hr. *= 0.213 log/hr.
Data taken from col. 4> rank 1 and 3»
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of c e l l s  were incubated  in  growth medium w ith  or w ithou t azide* 
A fte r  60 m inutes in c u b a tio n , the  a l iq u o ts  were d iv id ed  each 
in to  two and the c e l l s  washed, in fe c te d  (30 m inutes a t  23°)» 
washed ag a in  and th en  incubated  in  the  presence o r absence of 
az id e  a t  37°  • Samples were taken  a t  the s t a r t  of in c u b a tio n  
and a f t e r  v a rio u s  in te r v a ls  and t i t r a t e d  f o r  in fe c t io u s  v i r u s .
The amount of v iru s  produced was the  same w hether the  
c e l l s  were p re incubated  in  az id e  or no t (Table 2 .3)*  The 
a d so rp tio n  and subsequent e c lip se  of v iru s  were a lso  u n a ffe c ted  
by the presence of a z id e .
S ince a d so rp tio n  of v iru s  was no t a f fe c te d  by az id e  
and the  r e s u l t s  of the f i r s t  experim ent (Table 2 .1 )  showed th a t  
com plete in h ib i t io n  was ob ta ined  i f  az id e  was added a f t e r  
a d so rp tio n , i t  was im m ateria l w hether az id e  was added w ith  the  
v iru s  o r added im m ediately fo llo w in g 1 the  a d so rp tio n  p e rio d .
In  most subsequent experim ents a z id e  was added a f t e r  a d so rp tio n . 
K in e tic  A nalysis  of In h ib i t io n
The fo reg o in g  experim ents have shown th a t  az id e  does 
no t a f f e c t  the i n t a c t  v iru s  p a r t ic le  o r render the c e l l  incap ab le  
of v iru s  p ro d u c tio n . I t  does, however, p reven t the  
m u lt ip l ic a t io n  of v iru s  in  an in fe c te d  c e l l .  To d e fin e  the 
s tag e  of the growth cycle a t  which az id e  was a c t iv e ,  k in e t ic  
experim ents were perform ed in  which A) c e l l s  were washed f re e
TAB IE 2.4
The Effect of Removal of Azide on Subsequent 
Development of Virus,
Time of 
Incubation 
in Azide 
(hours)
Average Virus Yield per 
Cell after a total of 30 
hours incubation
rfo Fluorescing 
Cells
0 46 70
% 13 40
4-i 5 30
10 0.8 8
19 0,02 0
Cells were infected and incubated in growth medium con­
taining azide. After the times shown, aliquots of cells 
were removed, washed and reincubated in growth medium. 
After a total of 30 hours incubation samples were removed 
from all cell suspensions and titrated for infectious
virus
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of a z id e  a f t e r  various p e rio d s  of exposure and then  incubated  
in  growth medium, B) az id e  was added a t  v a rio u s  tim es a f t e r  
in f e c t io n  and the c e l l s  th e r e a f te r  incubated  in  a z id e  and C) 
az id e  was added f o r  a l im ite d  p e rio d  d u rin g  the growth cycle  
and th e n  removed. These experim en tal designs could be used 
in  the a n a ly s is  of the in h ib i t io n  of any compound in te r f e r in g  
w ith  v i r a l  m u l t ip l ic a t io n .  Design A in v e s t ig a te s  the time of 
commencement and desig n  B th e  time of ending  of in h ib i t io n ,  
s in ce  the su rv iv o rs  comprise re s p e c tiv e ly  those f r a c t io n s  which 
have n o t reached and those which have passed  th e  s tag e  a t  which 
they  a re  s e n s i t iv e  to  in h ib i t io n .
A) Removal of az id e  a f t e r  v a rio u s  periods of exposure 
C e lls  were in fe c te d  in  the  presence of a z id e , washed and d i lu te d  
f o r  in c u b a tio n  in  growth medium c o n ta in in g  a z id e . At 
in te r v a ls ,  c e l l  a l iq u o ts  were removed, washed tw ice in  BSS and 
re - in c u b a te d  in  normal growth medium. A fte r  a t o t a l  of 30 
hours in c u b a tio n , samples were removed and the  t i t e r  of c e l l -  
a s so c ia te d  v iru s ,  and the number of c e l l s  s ta in in g  w ith  
f lu o re s c e n t  an tib o d y , determ ined .
The r e s u l t s  (Table 2 .4 )  show th a t  th e  p ro p o rtio n  of 
c e l l s  in  which a n tig e n  sy n th e s is  occurred  a f t e r  various pe rio d s  
of exposure to  az id e  decreased  u n t i l ,  a f t e r  about 20 hours
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exposure, no a n tig e n  sy n th e s is  a t  a l l  could be d e te c te d . I t  
can be concluded th a t  v a c c in ia  v iru s  becomes s e n s i t iv e  to  
az id e  a t  a s tag e  of m u l t ip l ic a t io n  p reced ing  th a t  c h a ra c te r is e d  
by the sy n th e s is  of v i r a l  a n tig e n . This s tag e  i s  reached by 
v iru s  p a r t i c le s  in  an asynchronous fa sh io n  in  d i f f e r e n t  c e l l s  
b u t i t  i s  ev en tu a lly  reached in  a l l  in fe c te d  c e l l s  i f  the p e rio d  
of exposure to  az ide  i s  p ro longed.
To in v e s t ig a te  f u r th e r  the in a c t iv a t io n  of the in fe c te d  
c e l l  as a v iru s  producing u n i t ,  a l iq u o ts  of c e l l s  were in fe c te d  
w ith  in c re a s in g  m u l t ip l i c i t i e s  of v iru s ,  washed, and d i lu te d  in  
growth medium. One sample of c e l l s  was incubated  in  the 
presence of az id e  f o r  9 h o u rs , then  washed and re in cu b a ted  in  
growth medium, and an o th e r was incubated  in  growth medium 
throughout the  experim ent. C e lls  from bo th  were s ta in e d  w ith  
f lu o re s c e n t  an tibody  a f t e r  a t o t a l  of 30 hours in c u b a tio n .
I t  can be seen  from th e  r e s u l t s  (Table 2 .5 )  th a t  the  
m u l t ip l ic i ty  of v iru s  s t i l l  capable  of in f e c t in g  c e l l s  a f t e r  
exposure to  az id e  (c a lc u la te d  from the p ro p o rtio n  of c e l l s  
subsequen tly  s y n th e s is in g  a n tig e n )  bears  a  c o n sta n t r e l a t i o n  to  
the m u l t ip l ic i ty  of v iru s  p re se n t a t  the s t a r t  of incubation*
The r a te  of in a c t iv a t io n  of in f e c t in g  v iru s  in  c e l l s  exposed 
to  az id e  (0 .16  lo g  u n i ts  per hour) i s  s im ila r  to  th a t  of
TABLE 2.5
The Effect of Multiplicity on the Number of Cells 
Synthesising Viral Antigen after a Period of 
Exposure to Azide.
Cells Incubated in Growth Medium for Total of 30 hours
c
v S
No azide Azide Present 0-9 Hours
Proportion
Fluores­
cent
Cells
Virus
Multip­
licity
(m ) ä 0
Proportion
Fluores­
cent
Cells Ex­
pected
Proportion
Fluorescent
Cells
Virus
Multiplicity
( V  a
36 0.45 0.14 0,02 0.02 22.5
73 1.31 0.21 0.04 0.04 32.7
94 2. BO 0.18 0.10 0.10 28.0
98 3.91 0.12 0.18 0.18 21.7
a Calculated virus multiplicity from observed fluorescent cell 
count (Propn. fluorescent cells = l-e~m).
b Calculated proportion of cells expected to commence.synchesis, *, 
of antigen between 9 and 30 hours. (Propn. * 1-e C10 ~ e \ ~-L )j
Cairns, I960.
c Mean value » 26.2. Rate of inactivation in azide then « log 
26.2/9 = 0.16 log/hr.
Aliquots of cells were infected with increasing multiplicities of 
virus. The cells were then washed and incubated in growth medium. 
Azide was added to one aliquot of each for a period of 9 hours and 
then removed. After a total of 30 hours incubation samples were 
removed and stained with fluorescent antibody.
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e c l ip s e  of v iru s  (0 .21 lo g  u n its  per hour, see Table 2 .3 ) ,
I t  can be concluded th a t v iru s  becomes s e n s i t iv e  to  az id e  
s h o r t ly  a f t e r  i t  has been e c l ip s e d . The r e s u l t s  a ls o  show 
th a t  the  f r a c t io n  of c e l l s ,  s in g ly - in fe c te d  a t  the s t a r t  (rank  l ) ,  
in  which a n tig e n  sy n th e s is  commenced a f t e r  exposure to  az id e  was 
le s s  th an  the f r a c t io n  in  which sy n th e s is  would have commenced 
had in cu b a tio n  been in  th e  absence of az id e  and i n i t i a t i o n  had 
occu rred  norm ally . V irus must, th e re fo re , be rendered  
in a c t iv e  in  the presence of az id e  a t  a  s tag e  e a r l i e r  in  time 
th an  th a t  of in i t i a t io n *  This i s  a ls o  dem onstrated  by the 
f a c t  t h a t  the f r a c t io n  of su rv iv in g  v iru s  i s  independent of 
m u l t ip l ic i ty  ( c o l .  4 ) whereas C airns ( i 960) has shown th a t the  
f r a c t i o n  of u n in i t ia te d  p a r t i c l e s  a t  any time is  decreased  by 
in c re a s in g  the m u l t ip l ic i ty  (c o l .  3)» ( i n i t i a t i o n ,  here  and 
su b seq u en tly , i s  used in  the sense of C a irn s , i 960) .
B) The a d d it io n  of az id e  a t  v a rio u s  times a f t e r  in fe c t io n  
C e lls  y/ere in fe c te d  and incubated  in  growth medium. At 2, 3» 4» 
5, 6, 7 and 10 hours a f t e r  in f e c t io n ,  a l iq u o ts  of c e l l s  were 
t r a n s fe r r e d  to  s e p a ra te  growth tubes and a z id e  added. C e ll 
samples were taken  a t  the  time of a d d it io n  of az ide  and a g a in  
a f t e r  a  t o t a l  of 30 hours in c u b a tio n  and s ta in e d  w ith  f lu o re s c e n t
an tibody
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TIME OF ADDITION OF AZIDE (HOURS AFTER INFECTION)
P ig . 2 .1 .  The E f fe c t  on the  Number of C e lls  Producing A ntigen 
of the A d d itio n  of Azide a t  V arious tim es a f t e r  
In f e c t io n .
(o ) Percentage of c e l l s  c o n ta in in g  a n tig e n  a t  
the  time of a d d i t io n  of a z id e .
(a ) Percen tage  of c e l l3  c o n ta in in g  a n tig e n  
a f t e r  subsequen t in c u b a tio n  in  a z id e , 
which was added to  the  c e l l s  a t  the  tim es 
shown.
C ells  were in fe c te d  and incubated  in  growth medium. A f te r  the 
tim es s ta te d  a l iq u o ts  of c e l l s  were removed and re in c u b a te d  fo r  
a  t o t a l  of 30 hours in  growth medium c o n ta in in g  a z id e . Samples 
were tak en  a t  the  time of a d d it io n  of az id e  and a t  the  end of 
in cu b a tio n  in  az id e  and s ta in e d  w ith  f lu o re s c e n t  an tib o d y .
o*.
3 8 .
I t  was observed (F ig . 2 . l )  th a t  th e  number of c e l l s  
c o n ta in in g  a n tig e n  in c reased  in  the presence of az id e  when 
th is  was added between 2 to  3 hours and about 12 hours a f t e r  
the v i r u s .  Although the number of c e l l s  c o n ta in in g  a n tig e n  
ceased  to  in c re a se  a f t e r  2 to  3 hours in  a z id e , the p roduction  
of a n tig e n  in  th ese  c e l l s  appeared to  be l i t t l e  a f fe c te d  s in ce  
a t  th e  end of in c u b a tio n  in  az id e  the in te n s i ty  of s ta in in g  
was s im i la r  to  th a t  in  c o n tro l c e l l s .  The az id e  s e n s i t iv e  
s tag e  thus ends about 2 hours b e fo re  the p ro d u c tio n  of d e te c ta b le  
amounts of a n tig e n ; the sy n th e s is  of v i r a l  p ro te in  occurs in  
those c e l l s  co n ta in in g  v iru s  th a t  had passed the s e n s i t iv e  stage  
b e fo re  az id e  was added.
In  a s im ila r  experim ent in  which the e f f e c t  of a d d it io n  
of az id e  on the p ro d u c tio n  of in fe c t io u s  v iru s  was in v e s t ig a te d  
i t  was found th a t  az ide  had to  be added w ith in  1 hour of 
in f e c t io n  to  in h ib i t  v iru s  p ro d u c tio n  com pletely  (F ig . 2 .2 ) .  I f  
a d d i t io n  was delayed  a s te a d i ly  in c re a s in g  amount of in fe c tio u s  
v iru s  was produced. Between 3 hours and about 18 hours ( th e  
p e rio d  in  th i s  experim ent d u rin g  which the  number of c e l l s  
producing v iru s  was in c re a s in g )  th e  amount of v iru s  p re sen t a t  
the  end of in c u b a tio n  exceeded th a t  p re se n t a t  the time of 
a d d i t io n .  The slow in c re a se  in  t i t e r  a f t e r  18 hours rendered
IO 20
TIME OF ADDITION OF AZIDE 
(HOURS AFTER INFECTION)
Fig. 2.2. Production of Virus after Adding Azide at Various 
Intervals after Infection.
(o) Amount of cell-associated virus present at the 
time of addition of azide,
(A ) Amount of cell-associated virus present after 
subsequent incubation in azide which was added 
to the cells at the times shown.
Cells were infected and incubated in growth medium. After the 
times shown, aliquots of cells were removed and reincubated for 
a total of 30 hours in growth medium containing azide. Samples 
were taken at the time of addition of azide and the end of 
incubation in azide*
39
assessm ent d i f f i c u l t .  I t  i s  ap p a ren t th a t  az ide  was 
e f f e c t iv e  even when added l a t e  in  the  growth cycle  when 
v i r a l  sy n th e s is  had commenced in  a l l  in fe c te d  c e l l s  so th a t  
in  a d d it io n  to  in h ib i t in g  an e a r ly  s tag e  of m u lt ip l ic a t io n  
azide must a lso  i n h ib i t  e i th e r  th e  p roduction  of v i r a l  com­
ponents or m aturation* Since th e  t i t e r  of v iru s  in c re a se s  
in  the presence of az id e  when th i s  i s  added e a r ly  a f t e r  
in f e c t io n ,  m atu ra tio n  cannot be a s tag e  th a t  is  a f fe c te d .
C) L im ited perio d s  of exposure of in fe c te d  c e l l s  to  az ide  
I t  has been shown p rev io u s ly  th a t  e a r ly  in h ib i t io n  by az id e  
cannot be rev e rsed  by removing the  in h ib i to r .  To a s c e r ta in  
w hether in h ib i t io n  was s im ila r ly  i r r e v e r s ib le  when imposed la te  
in  th e  growth cy c le , c e l l s  were in fe c te d  and incubated  in  
growth medium. A fte r  12 hou rs , two a l iq u o ts  were removed and 
the c e l l s  re in cu b a ted  in  the  presence  of a z id e . A fte r a 
fu r th e r  12 hours, one of th ese  a l iq u o ts  was washed twice in  BBS 
and in c u b a tio n  con tinued  in  growth medium, T h ir ty s ix  hours 
a f t e r  in f e c t io n ,  a l l  c e l l  su spensions were sampled f o r  in fe c t io u s  
v iru s .
I t  can be seen  from Table 2 .6  th a t  the  t i t e r  of v iru s  
rem ained co n sta n t when in c u b a tio n  of the c e l l s  was continued  
in  the  presence  of a z id e . I f ,  however, the az ide  was removed 
the t i t e r  of v iru s  f e l l .  I t  can be concluded th a t  v iru s
TABLE 2.6.
The Effect of a Temporary Addition of Azide on the 
Subsequent Multiplication of Virus.
Virus Yield/Cell (pfu)
Incutnation Time (hr)
12 24 36
Control 8.4 41 53
No azide 0-12 hr 
Azide 12-36 hr
No azide 0-12 hr
8.0 7.8 7.2
Azide 12-24 hr 
No azide 24-36 hr 7.2 4.0
Cells were infected and incubated for the periods 
shown in the presence or absence of azide. Samples 
were taken for infectivity titrations after 12, 24 
and hours incubation.
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m u lt ip l ic a t io n  once in te r ru p te d  i s  not resumed when the 
i n h ib i to r  i s  removed; the az id e  in h ib i t io n  of v a cc in ia  
m u lt ip l ic a t io n ,  a t  w hatever s tag e  i t  i s  imposed, cannot be 
re v e rse d  by simple removal of the in h ib i to r .
E f fe c t  of Azide on the S y n th esis  of V ira l  N ucleic  Acid and 
Time of A ction  of Azide
I t  has been shown th a t  az id e  in te r f e r e s  w ith  th e  
p ro d u c tio n  of in fe c t io u s  v iru s  w ithou t d i r e c t ly  a f f e c t in g  e i th e r  
a n tig e n  p ro d u c tio n  or v iru s  m a tu ra tio n . Since az id e  in h ib i t s  
the  in c o rp o ra tio n  of bases in to  n u c le ic  a c id s  (see Kaplan and 
B en-P orat, 1961) i t s  e f f e c t  on sy n th e s is  of v a cc in ia  DMA was 
in v e s t ig a te d .
E ig h t hours a f t e r  in fe c t io n ,  fo u r a l iq u o ts  of c e l l s  
( l  ml each) were removed from a growth tube and t r a n s fe r re d  to  
sep a ra te  tu b e s . Azide was added to  th ree  of them. A fte r  10, 
40, 70 m inutes exposure to  azide  1 .3  t^C of t r i t i a t e d  thym idine 
was added to  th e  tu b e s . T r i t i a t e d  thym idine was a lso  added 
to  a  c o n tro l c e l l  su sp en sio n  in  the  absence of a z id e . F o r ty -  
f iv e  m inutes a f t e r  the a d d it io n  of thym idine to  the l a s t  
a l iq u o t ,  a l l  c e l l s  were washed to  remove as much u n in co rp o ra ted  
thym idine as p o s s ib le , and c e l l  smears made on s l id e s  in  the 
same way as f o r  f lu o re s c e n t  s ta in in g .  Follow ing f ix a t io n  and 
f u r th e r  w ashing, a u to rad io g rap h ic  s t r ip p in g  f i lm  AR 10 (Kodak,
TAB IE 2 .7
The E f f e c t  of A zide on the  S y n th e s is  of V ira l  DM
Time o f A d d itio n  of 
T r i tia te d -T h y m id in e  
(m inu tes a f t e r  a z id e )
P e rcen tag e  o f C e l ls  
Showing- In c o rp o ra t io n  
in to  V ir a l  DM
0 16
10 3
40 0
70 0
C e lls  were in f e c te d  and in c u b a te d  in  grow th medium. At 
8 h o u rs  a f t e r  in f e c t io n  th e  c e l l s  were d iv id e d  in to  fo u r  
a l iq u o ts  and a z id e  was added to  th r e e  of them . A f te r  10,
40 and 70 m inu tes exposure to  a z id e  0 .0 0 1 J  mC. t r i t i a t e d  
thym idine was added to  th e  tu b e s .  45 m inutes a f t e r  
a d d i t io n  of t r i t i a t e d  thym idine to  the  l a s t  a l iq u o t  and 
to  a  c o n t ro l  a l iq u o t  la c k in g  a z id e ,  the c e l l s  were washed 
and a i r - d r i e d  on s l i d e s .  A f te r  f i x a t i o n ,  the  c e l l s  were 
covered  w ith  p h o to g rap h ic  s t r ip p i n g  f i lm  and s to r e d  a t  4° 
f o r  14 days b e fo re  d e v e lo p in g . The number of c e l l s  showing 
in c o rp o r a t io n  o f l a b e l  was co u n ted .
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England) was a p p lie d . The s l id e s  were s to re d  dry  a t  4° fo r  
2 weeks and then  developed fo r  20 m inutes in  D 19b (Kodak) a t  
18°. Counts were then  made to  determ ine the p ro p o rtio n  of 
c e l l s  showing cytoplasm ic in c o rp o ra tio n  of t r i t i a t e d  thym idine.
The r e s u l t s  (Table 2*7) show th a t  the sy n th es is  of 
v a c c in ia  DM had ceased w ith in  40 m inutes of the a d d it io n  of 
azide  and th a t  du rin g  the  p e rio d  10-40 m inutes the number of 
c e l l s  c o n ta in in g  a re as  of cy toplasm ic DM sy n th e s is  had been 
co n sid e rab ly  reduced . Thus az id e  ra p id ly  in h ib i t s  the  sy n th es is  
of v a c c in ia  DM.
R e in fe c tio n  of C e lls  C ontain ing  A zide-blocked V irus
In  th e  experim ents to  be re p o rte d  in  t h i s  s e c t io n  az id e  
was added a t  th e  beg inn ing  of th e  growth cy cle  so th a t  v iru s  
was b locked a t  the  p r e - i n i t i a t i o n  s ta g e .
Experim ents w ith  a c t iv e  v i r u s . The f i r s t  problem 
in v e s t ig a te d  was the e f f e c t  of az id e -b lo ck ed  v iru s  on the 
s u s c e p t ib i l i ty  of c e l l s  to  in f e c t io n  by v iru s  added a f t e r  az id e  
had been removed. C e lls  were exposed to  s u f f i c i e n t  v iru s  to  
in f e c t  a l l  c e l l s  and then  incubated  in  the presence of azide  
in  p a r a l l e l  w ith  a s im ila r  u n in fec ted  c e l l  su sp en sio n . A fte r  
18 hours, b o th  suspensions were co n cen tra ted  and the c e l l s  
exposed to  a  h ig h  m u l t ip l ic i ty  of the same v iru s .  They were 
th en  washed and incubated  f o r  a  f u r th e r  24 hou rs , when f lu o re s c e n t
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antibody staining showed that nearly all cells in both 
preparations contained large amounts of antigen. In a 
control suspension removed from the infected cell suspension 
after exposure to azide but incubated without re-infection, 
less than 596 of cells were fluorescent. Multiplication of 
virus was thus still possible in cells containing azide-blocked 
virus.
The next experiment was designed to see whether the 
azide-blocked virus was represented in the virus yield produced 
on reinfection. For this, advantage was taken of the 
distinctive pocks produced on the CAM by V-MH vaccinia virus 
(U pocks) and RP-u+ rabbitpox virus (U+ pocks) (Fenner, 1958)* 
Cells were infected with the V-MK strain of vaccinia and 
incubated in growth medium containing azide. After 18 hours 
they were washed twice with BSS and divided into two aliquots. 
One aliquot was exposed to RP virus for J>0 minutes at 23° then 
washed again and reincubated in growth medium and the other 
reincubated without exposure to the second virus. Controls 
showed the levels of infection achieved by the two viruses, 
After 24 hours incubation samples were taken for infectivity 
titration and fluorescent antibody staining (Table 2,8),
Viruses of both pock types were present in the yield 
and it can be seen, by comparison with the suspension that was
TABLE 2.8*
The Superinfection of Cells Containing Azide-Blocked Virus,
Medium of
First
Infection
Second
Infection
PercentageP« IT«
Virus Yield 
(PFU of First Virus)
\j 0 11s
Fluorescing Per Cell Per Cell Yielding 
First Virus
BSS nil 45 - -
BSS + Azide nil 1 0.17 17
3SS + Azide RP 80 6,0 17 a
BSS + Azide 
(uninfected) RP 80 - -
a Percentage of cells yielding first virus calculated as
45 x 80 a 36^
100
Cells were infected with V-MH* After 18 hours the cells were
washed and divided into two aliquots. One aliquot was
oexposed to RP for 30 minutes at 23 washed and incubated in 
growth medium; the other was treated similarly in the absence 
of RP. Samples were taken for infectivity titration and 
fluorescent antibody staining after 24 hours incubation.
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no t r e in fe c te d ,  th a t  the  number of progeny w ith  the  pock 
c h a ra c te r  of the f i r s t  v iru s  produced on r e in f e c t io n  i s  th a t  
expected  i f  ’'re sc u e ” of the b locked v iru s  had occurred  in  a l l  
the c e l l s  o r ig in a l ly  in fe c te d .
To determ ine in  which c e l l s  m u l t ip l ic a t io n  of a z id e -  
blocked v iru s  occurred , an experim ent was perform ed in  which 
the  y ie ld s  of s in g le  c e l l s  were examined to  determ ine the 
p ro p o rtio n s  of c e l l s  y ie ld in g  v iru s  of c e r ta in  pock ty p es.
The p ro p o rtio n  of c e l l s  w ith  a mixed y ie ld  (Table 2 .9 )  
i s  s im ila r  to  the  p ro p o rtio n  of c e l l s  in fe c te d  by the f i r s t  
v iru s  th a t  a ls o  re ce iv ed  the second v iru s .  These two 
experim ents show th a t  az id e -b lo ck ed  v iru s  can be ’’re scu ed ” w ith  
h igh  e f f ic ie n c y  by the presence in  the same c e l l  of an a c t iv e ly  
m u ltip ly in g  v iru s .
V accin ia and rab b itp o x  v iru se s  a re  c lo se ly  r e la te d  
both  b e in g  members of the V ario la -V acc in ia  sub-group of the 
P oxvirus group (Fenner and B urnet, 1957)* To t e s t  w hether 
rescu e  of az id e -b lo ck ed  v iru s  by more d i s ta n t  members o f the 
Poxvirus group was p o s s ib le , c e l l s  co n ta in in g  az id e-b lo ck ed  
v a c c in ia  v iru s  were re in fe c te d  w ith  myxoma v i r u s .  M u lt ip l ic a t io n  
of the  l a t t e r  occurred  in  a lm ost a l l  c e l l s ,  as judged by 
s ta in in g  w ith  m yxom a-specific f lu o re s c e n t an tib o d y , b u t th e re  
was no s ig n i f ic a n t  in c re a se  in  the number o f pocks w ith  the
TABLE 2,9
The Superinfection of Cells containing Azide-Blocked 
Virus* Analysis of Single Cells,
Percentage of Cells Yielding 
Virus of Given Type Only 
(sample size = 23)a
First Virus (V-MH) 0
Second Virus (RP) 35
Both (V-MH and RP) 35
Neither Virus 30
a Percentage of cells calculated by fluorescent staining to
have received both virus types « 32.
(levels of infection: first virus 60fo
second virus 54/0
Cells were infected with V-MH and incubated in azide. After 
24 hours the cells were washed and exposed to RP for 30 
minutes at 23°. They were then washed again and reincubated 
in growth medium for a further 24 hours. Single cells were 
isolated and their virus content analysed. Controls were 
present to indicate the proportions of cells infected by the
two viruses
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character of the blocked vaccinia virus* It would thus 
appear that rescue is only possible by a close relative of 
the blocked virus*
Experiments with inactivated virus* Since vaccinia virus 
inactivated in various ways has been shown to participate in 
interactions with other preparations of active and inactivated 
virus (Fenner et« al 1959; Joklik, Abel and Holmes, I960; Abel 
1961), experiments were carried out with azide-blocked V-MH, 
and RP inactivated by ultraviolet irradiation (UV), nitrogen 
mustard (NM) and heat (h )*
Cells were infected with V-MH strain of vaccinia and 
incubated in growth medium containing azide* After 18 hours 
incubation, the cells were washed twice in B8S and resuspended 
in three aliquots in gelatine saline containing a) TJV-RP-10^ 
PFU (10^ PFU before treatment), b) NM-RP-5*10^ PFU (5*10^ FFU 
before treatment), c) no addition of virus. After 60 minutes 
exposure at 22° the cells were washed again and incubated in 
growth medium. After 24 hours incubation samples were taken 
for infectivity titration and fluorescent antibody staining*
No rescue of the azide-blocked virus was observed following 
those treatments.
A preliminary experiment suggested, however, that heat
inactivated virus produced an effect in this system. This
TABLE 2.10
Challenge of Cells containing Azide-Blocked 
Virus v/ith Heated Virus.
Time of
Treatment
after
Infection
(hours)
Addition of Heated 
Virus (H-RP)
Average Virus 
Yield per Cell
Percentage of 
Cells Yielding 
VirusÜ pocks IT^pocks
3 - 37 - 40
+ 47 13 70
6 - 6 - 23
+ 8.7 4.4 33
9 - 2.1 - 13
+ 3.1 1.0 16
12 - 1.1 - 7
1____________ + 1.1 0.4 13
Cells were infected and incubated in azide. After the times 
stated 2 aliquots were removed. H-RP was added to one aliquot 
and an equal volume of BSS to the other. After 30 minutes at 
23° the cells were diluted in growth medium and incubation 
continued for a total of 30 hours. Samples were removed for 
infectivity titration and fluorescent staining.
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effect Y/as investigated in more detail. Cells were infected
with V-MH and incubated in the presence of azide. After • •
various times,' two aliquots of cells were removed, washed twice 
with 3SS and concentrated. Heat inactivated virus (H-RP 108 HHJ 
before inactivation) was added to one aliquot and an equal 
volume of BSS to the other. After 30 minutes at 23° both 
were diluted, without further washing, in growth medium.
The results (Table 2.10) show that there was an increase 
in the number of virus particles with the pock character of 
V-MH (U pocks) when the cells were exposed to heated virus. 
Reactivation of the heat-inactivated virus also occurred and 
similar numbers of the two pock types (U and TT*") were present 
in the yield. The fact that there was an increase in the 
number of cells staining Y/ith fluorescent antibody showed that 
the heat-inactivated virus must have been reactivated in cells 
in which all particles of the first virus had been blocked.
It was possible that the live virus thus produced could then 
rescue the blocked virus, as had been observed before.
DISCUSSION
The multiplication of several viruses has been shown 
to be dependent on the presence of an adequate supply of energy
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in  the h o s t c e l l  (E aton, 1952; Ackermann, 1955» Becker e t  a l .  
1956; P r ic e , 1947)* The prime source of th i s  energy -  the 
h i^h  energy phosphate bond of adenosine tr ip h o sp h a te  -  can be 
g en era ted  by two m etabo lic  pathways, r e s p i r a t io n  and fe rm en ta tio n  
(Lipmann, 1941)* Normal c e l l s  o b ta in  n e a rly  a l l  of t h e i r  
energy from r e s p i r a t io n  w hile c e l l s  of cancerous o r ig in , w ith  
t h e i r  im paired r e s p i r a t io n  (Warburg, 1956) o b ta in  about equal 
amounts from bo th  so u rc e s . Sodium az id e  in te r f e r e s  w ith the  
supply of energy from  both  a e ro b ic  and anaero b ic  o x id a tio n .
The in h ib it io n  o f c e l lu la r  sy n th e s is  depending on 
a ero b ic  m etabolism  can be co rr e la ted  w ith  the o b serva tion  by 
K e ilin  (1936) th a t sodium azid e  in h ib it s  the cytochrome oxidase  
system  by s t a b i l i z in g  the a^ component and p reven tin g  i t s  
reduction* In  cancerous c e l l s  w ith  th e ir  in creased  anaerobic  
a c t iv i t y ,  a z id e  d is s o c ia t e s  g ly c o ly s is  from s y n th e s is .
Spiegelm an e t  a l .  ( 1948) su g g est th a t t h is  i s  ach ieved  by means 
of a replacem ent r e a c t io n  between a z id e  and the a c y l phosphate 
of d ip h osp h oglycerate w h ile  the la t t e r  i s  combined w ith  
phosphopherase.
The in h ib i t io n  of m u lt ip l ic a t io n  of v a c c in ia  in  normal 
c e l l s  was dem onstrated  by Thompson (1947) w ith  ch ick  embryo 
c e l l s :  This r e p o r t  d e sc rib e s  the e f f e c t  of az id e  in  c e l l s  of
cancerous o r ig in  -  KB c e l l s .  M u lt ip l ic a t io n  in  the presence of
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azide can be considered as the multiplication of virus under 
conditions of reduced or minimal energy supply*
In the presence of azide, adsorption and subsequent 
eclipse of virus are normal, indeed the interference with sub­
sequent multiplication demonstrates eclipse with clarity.
Later stages of multiplication, however, are differentially 
inhibited; the synthesis of viral 3DNA ceases rapidly but 
synthesis of viral protein (antigen) and maturation of virus 
are unaffected. Since only certain processes are affected it 
must be assumed that inhibition of energy supply is not complete 
and that there is therefore competition for available energy.
It has been shown that vaccinia is inactivated in the 
presence of azide soon after eclipse. Since azide does not 
affect the intact virus particle this would suggest that an 
infecting virus particle becomes altered (perhaps uncoated) 
soon after it loses infectivity. This must be the start of 
the azide-sensitive period of multiplication.
On the basis of antigen production in infected cells, 
it has been concluded that the sensitive stage exists early in 
the growth cycle and precedes that stage characterised by the 
synthesis of viral antigen by about two hours. The synthesis 
of viral antigen is thus dependent on the existence of a 
specific reaction occurring two hours earlier in time. Since
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the synthesis of RNA as well as DNA requires the presence of 
ATP, it is possible that this essential reaction involves the 
synthesis of messenger RNA to carry the protein coding 
information from the virus genome, as has been shown to happen 
in phage infection (Brenner et al. 1961)*
The effect of azide on infectious virus production has 
led to the conclusion that multiplying virus is sensitive to 
azide inhibition regardless of the stage of multiplication it is 
in at the time azide is added, this inhibition being attributed 
to the inhibition of DNA synthesis which then becomes the 
limiting quantity in the maturation of virus. Examination of 
Fig. 2,2 reveals that a small amount of new infectious virus 
is produced even if azide is added as early as two hours after 
infection, so that some viral DNA must then be in a condition 
which can subsequently be incorporated in mature virus. This 
result is in agreement with that obtained by Salzman (i960).
The curve of DNA production obtained in this way precedes by 
about two hours and runs parallel with that of infectious virus 
production.
Comparison of Figs, 2,1 and 2,2 shows that the time of 
first maturation of virus is indistinguishable from the time 
of commencement of antigen production.
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In  th e  model proposed by C airns (i960 ) f o r  the 
i n i t i a t i o n  of v a cc in ia  in f e c t io n  the p ro b a b il i ty  of i n i t i a t i o n  
d u rin g  any p e rio d  i s  in c reased  by in c re a s in g  the  m u l t ip l ic i ty  
of in f e c t io n .  I n i t i a t i o n  occurs a f t e r  a  v a r ia b le  p e riod  of 
time in  d i f f e r e n t  c e l l s  and i s  fo llow ed  by a  p rep a ra to ry  p e rio d , 
which i s  c o n s ta n t f o r  a l l  c e l l s ,  b e fo re  the sy n th e s is  of 
a n tig e n  commences. S im ila r ly  the end of the a z id e - s e n s i t iv e  
s tag e  s e p a ra te s  a v a r ia b le  time in te r v a l  from one of c o n stan t 
d u ra tio n . S in ce , moreover, the  te rm in a l re a c tio n s  of the 
s e n s i t iv e  s ta g e  a re  the  sy n th e s is  of v i r a l  DM and the p o ss ib le  
t r a n s f e r  of p ro te in  coding in fo rm atio n , i t  seems l ik e ly  th a t  
i n i t i a t i o n  i s  a t  the  end o f the a z id e - s e n s i t iv e  s tag e  of 
m u l t ip l ic a t io n .
V irus th a t  has been in a c t iv a te d  in  the presence of 
az id e  may be rescued  by th e  presence in  the  same c e l l  of an 
a c t iv e ly  m u ltip ly in g  v iru s ,  s in ce  p a r t i c le s  w ith  th e  pock 
c h a ra c te r  of the  b lo c k ed -v iru s  are  p re sen t in  the  y ie ld .  As 
th i s  i s  p o ss ib le  even when r e - in f e c t io n  is  delayed f o r  24 hours, 
the b lo c k ed -v iru s  must be e i t h e r  in  a s i tu a t io n  in  th e  c e l l  in  
which i t  i s  p ro te c te d  from degrad ing  enzymes o r , in  some o th e r 
way, be s t a b i l i s e d  by the p resence  of az id e  ( c f ,  Burnet and 
Lind, 1954)* The f a c t  th a t  only  v iru se s  capab le  of recom bining 
w ith  the  blocked v iru s  (Woodroofe and Fenner, i960) a re  ab le  to
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rescue  i t  would in d ic a te  c e r ta in  s im i l a r i t i e s  between th i s  
p rocess and th a t of "marker re s c u e " . The rescue of a z id e -  
blocked v iru s  i s ,  however, very e f f i c i e n t  so th a t  i t  i s  
p o ss ib le  th a t  the e n t i r e  v i r a l  genome is  in ta c t  and capable 
of r e p l i c a t io n  once in fe c t io n  has been i n i t i a t e d  in  the c e l l  
by an o th e r v iru s .
A dd ition  of h e a t- in a c t iv a te d  v iru s  to  c e l l s  c o n ta in in g  
az id e -b lo ck ed  v iru s  r e s u l t s  in  the i n i t i a t i o n  of in f e c t io n  in  
an in c re a se d  number of c e l l s .  R e a c tiv a tio n  of the hea ted  v iru s  
must th e re fo re  have occurred  in  c e l l s  which p rev io u s ly  con tained  
n o n -ac tiv e  v i r u s .  T his would in d ic a te  th a t  " re a c t iv a t io n "  and 
" i n i t i a t i o n "  a re  two d i s t i n c t  p rocesses and the c ap a c ity  of 
the c e l l  f o r  the form er i s  re ta in e d  longer than  fo r  the l a t t e r .  
S ince the number of c e l l s  in  which r e a c t iv a t io n  w i l l  occur 
f a l l s  o ff  in  the presence of a z id e , the c ap a c ity  f o r  r e a c t iv a t io n  
can be p re se n t f o r  a  s h o r t  period  of time on ly .
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SUMMARY
Sodium azide, in concentrations of 3.10”^M or 
greater, inhibits the production of infectious virus in 
suspended KB cells infected with vaccinia virus.
Staining of infected cells with fluorescent antibody 
showed that azide inhibits an early stage of multiplication 
which extends from eclipse until two hours before the time at 
which detectable amounts of viral antigen are produced. If 
the azide is removed from the system by dilution, virus that 
has not reached this stage in its growth cycle can initiate 
infection and multiply normally.
When azide is added to cells in which infection has 
been initiated, it inhibits the synthesis of viral DNA within 
about 30 minutes without directly affecting either antigen 
synthesis or virus maturation. Kinetic studies showed further 
that the synthesis of viral DMA precedes the synthesis of 
viral antigen by up to two hours, and that synthesis of antigen 
and maturation of virus commence at about the same time.
Virus that has been inactivated in the presence of 
azide may be rescued, after removal of the inhibitor, by super­
infection of the cell with a closely related poxvirus. This 
process is efficient even after 24 hours incubation in azide.
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R e a c tiv a tio n  of h e a t - in a c t iv a te d  v iru s  w il l  occur 
in  c e l l s  in  which v iru s  has re c e n tly  been in a c t i r a te d  in
the presence of az id e
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INTERFERENCE WITH THE MATURATION OF VACCINIA 
VIRUS BY ISATIN fi -THIOSEMICARBAZONE.
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INTRODUCTION
The p r o t e c t i o n  a f f o r d e d  by c e r t a i n  o f th e  th io s e m i-  
c a rb a z o n e s  a g a in s t  n e u ro v a c c in ia  i n f e c t i o n  i n  m ice was f i r s t  
o b se rv e d  by Hamre e t  a l .  ( 1 9 5 0 ) .  The th io s e m ic a rb a z o n e  o f  i s a t i n  
p ro v ed  to  be one o f  th e  m ost a c t i v e  (Thompson e t  a l . ,  1953a-,b) 
and th e  a c t i v i t y  was shown to  be d e p e n d en t on th e  p re s e n c e  i n  
the  compound o f  a  th io s e m ic a rb a z o n e  s id e - c h a i n  and  a  c y c l i c  
com ponent. T h is  compound was i n a c t i v e  i n  r a b b i t s  b u t  p r o te c te d  
m ice e v e n  when a d m in is te r e d  18 h o u rs  a f t e r  i n f e c t i o n  (B a u e r, 1955)* 
Most members o f  th e  v a r i o l a - v a c c i n i a  su b g ro u p  o f  th e  P o x v iru s  
g ro u p  a re  s e n s i t i v e  and  the  o r d e r  o f  s e n s i t i v i t y  fro m  h i g h e s t  t o  
lo w e s t  i s ,  r a b b i tp o x ,  n e u r o v a c c in ia ,  w h ite  cowpox, cowpox, 
e c t r o m e l ia  (B a u e r, 1 9 6 1 ).
A lth o u g h  th e  th io s e m ic a rb a z o n e s  may p o s s e s s  h ig h  
th e r a p e u t i c  i n d ic e s  i n  i n f e c t i o n  o f m ice w i th  p o x v iru s e s  (B auer 
and S a d le r ,  1960a) o n ly  one a t te m p t  h a s  b e e n  made so  f a r  to  
d e te rm in e  t h e i r  mode o f a c t i o n  ( S h e f f i e l d  e t  a l , ,  i 960 ) .  These 
w o rk e rs  showed by e x p e r im e n ts  w i th  c u l t u r e d  c e l l s  t h a t  th e  
i n h i b i t i o n  was d i r e c t e d  a g a in s t  i n t r a c e l l u l a r  v i r u s  r e p l i c a t i o n .
T h is  r e p o r t  d e s c r ib e s  th e  e f f e c t  o f i s a t i n / 5  - th i o s e m i ­
c a rb a z o n e  on th e  m u l t i p l i c a t i o n  o f v a c c i n ia  v i r u s  i n  su sp en d ed  KB 
c e l l s ,  a  s y s te m  w hich h a s  a l r e a d y  b e e n  u sed  f o r  th e  s tu d y  o f th e
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normal growth c y c le  of v a c c in ia  v iru s  (E as te rb ro o k , 1961a) and 
the in h ib i to ry  e f f e c t  of sodium az id e  on v a c c in ia  growth 
(E aste rb rook , 1 9 6 lb ).
TAB IE 3.1
The Effect of Varying Concentrations of IsatinyS- 
thiosemicarbazone on the Multiplication of 
Vaccinia Virus*
Concentration of 
Isatin ß -thiosemi­
carbazone (pM)
Virus Titer a 
(PFU/ral.x 10 )
Percentage of 
Cells Yielding 
Virus
1000 6 20
30 7 63
10 7 74
3 110 81
1 140 79
0.3 200 88
0.1 300 81
NIL
1_______
300 85
Cells were infected with vaccinia virus at m = 2, After 
exposure to virus for 30 minutes at 23° C, the cells were 
washed and diluted in growth medium containing various 
concentrations of isatinß>-thiosemicarbazone• 24 hours
later samples were assayed for infectious virus, and the 
proportion of virus yielding cells was determined by 
fluorescent antibody staining.
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MATERIAL AI'ID METHODS
The virus strains, cells and media used have been 
described in an earlier paper (Easterbrook, 1961a), as have 
the methods of infection of cells in suspension and of virus 
assay by infectivity titrations (on the CAM) and staining with 
fluorescent antiserum,
Isatin /$-thioseraicarbazone is insoluble in water but 
soluble in alkaline solution. A stock solution was accordingly 
made by dissolving the compound in n/10 sodium hydroxide to give 
a concentration of 4mM, For use, this stock was further diluted 
in growth medium,
RESULTS
The Minimal Effective Concentration of Isatinfi-thiosemicarbazone.
To determine the minimal effective concentration of isatin 
y^-thiosemicarbazone, cells were infected and incubated at 37° in 
growth medium containing increasing concentrations of the compound. 
After 24 hours samples were removed and assayed for infectivity 
and stained with fluorescent antibody.
The production of infectious virus was greatly inhibited 
by concentrations of lOpM. or higher (Table %!)• In contrast, 
the production of viral antigen, as judged by the intensity of 
staining and the proportion of stained cells, was unaffected by
TABLE 3.2
The Effect of Isatin/&-thiosemicarbazone on Viral 
Infectivity.
Incubation Time at Virus Titer (PFU/ml.x 10’)
37°C (hours) Cells incubated in growth medium
+ Isatin ß- - Isatin
thiosemicarbazone thiosemicarbazone
0 24 22
26 6.3 5.9
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concentrations of lOpM. With increasing concentration, the 
number of cells synthesising antigen decreased, and at lOOfiM. 
the drug itself produced cytopathic changes and production of 
both infectious virus and viral antigen was greatly reduced*
The concentration of 10pM* was used as the minimal inhibitory 
concentration in subsequent experiments.
The Effect of Isatin l> -thiosemicarbazone on Free Virus.
Sheffield et al. (i960) have shown that isatin ß -thio­
semicarbazone has no effect on the infectivity of free virus.
The results given in Table 3*2 confirm this finding.
Virus Production after Pretreatment of Cells with Isatin^ -thio­
semicarbazone .
Experiments were carried out to determine whether 
incubation of the host cells in the presence of isatin f>-thic- 
semicarbazone prior to infection could alter their capacity to 
produce virus. Monolayers of cells were incubated for 18 hours in 
growth medium with or without isatin/^-thiosemicarbazone. The 
cells were then removed from the glass with trypsin-versene, 
washed, exposed to virus (m»2) for 30 minutes at 23°, washed again 
and diluted for incubation in growth medium. Samples were taken 
at intervals and titrated for cell-associated virus and stained 
with fluorescent antibody. The results given in Table 3*5 show 
that preincubation of cells had no effect on the ability of the
TABLE 3.3
The Effect of Previous Exposure of Cells to Isatin 
thiosemicarbazone on their Ability to Support 
Subsequent Viral Multiplication,
Cells Preincubated in Growth Medium
Incubation Time 
(hours)
+ Isatin - 
thiosemicarbazone
- Isatin yd- 
thiosemicarbazone
Virus Titer 
(PFU/ral.xlO4)
^ Cells 
Yielding 
Virus
Virus Titer 
(FFU/ml.xlO4)
a/o Cells 
Yielding 
Virus
0 26.5 0 26.0 0
2 6.6 0 8.4 0
4 4.3 0 5.2 0
6 4*6 23 4.8 22
10 70 56 75 58
24 220 79 225 75
Cells were exposed to isatinß -thiosemicarbazone as a monolayer. 
After 18 hours the cells were removed with trypsin-versene, 
washed and infected in parallel with a similar cell suspension 
which had not been exposed. Unadsorbed virus was removed and 
the cells diluted for incubation in growth medium. Samples 
were taken at intervals for infectivity titration and antigen 
staining.
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cells to support virus multiplication.
The Growth Cycle of Vaccinia in the Presence of Isatiny^-thiosemi­
carbazone.
To investigate the effect of isatin/ -thiosemicarbazone 
on the growth cycle, cells were infected in the presence of isatin 
/-thiosemicarbazone and then incubated in growth medium con­
taining the drug. Samples were taken at intervals and assayed 
for cell-associated virus and the presence of antigen, in 
parallel with similar samples from a control cell suspension 
infected and incubated in normal medium. In the presence of 
inhibitor the infectivity of cell-associated virus decreased 
rapidly during the first 7 hours and subsequent decrease was then 
slight (Fig. Adsorption and subsequent eclipse of virus
in the presence of isatin/ -thiosemicarbazone are thus normal.
The Effect of Isatin/ -thiosemicarbazone on the Synthesis of 
Virus Components.
1. Protein Synthesis. It has been shown that in the presence of 
lOpM. of isatin / -thiosemicarbazone antigen is still produced in 
infected cells, although no infectious virus can be detected. To 
see whether antigen production was affected by isatinß-thiosemi­
carbazone, aliquots of infected cells were incubated in growth 
medium with or without the addition of isatin /-thiosemicarbazone•
Fig, 3*1« The Growth Curve of Vaccinia Virus in the Presence 
and Absence of Isatin/S-thiosemicarbazone.
( a ) Infected cells incubated in growth medium 
containing isatin ft -thiosemicarbazone •
(o) Infected cells incubated in growth medium.
The points show the average virus yield per cell at various 
intervals after infection. The proportion of cells infected 
(determined by fluorescent staining) was 95
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Samples were removed a t  in te r v a ls  and s ta in e d  w ith  f lu o r e ­
sce n t a n tib o d y .
The p ro d u c tio n  of a n tig e n  (Table 3*4) in  the presence 
of is a t in /$ - th io se m ic a rb a z o n e  was id e n t ic a l  w ith th a t  in  the 
c o n tro l c e l l  su spension  both w ith  regard  to  the time of f i r s t  
appearance of a n tig e n  and to  the r a te  of in c re a se  in  the  number 
of f lu o re s c e n t  c e l l s .
An a ttem p t was made to  determ ine w hether the  amount of 
a n tig e n  produced was a f fe c te d ,  by means of complement f ix a t io n  
t e s t s  a t  in te r v a ls  a f t e r  in f e c t io n .  The r e s u l t s  (Table 3*5) 
show th a t th e re  was a  re d u c tio n  in  t i t e r  (equal to  one tube in  
the t e s t s ) ,  in  the amount of a n tig e n  produced d u ring  the  growth 
cycle  b u t t h a t  a t  12 hours a f t e r  in f e c t io n  the amount p re se n t 
was the same in  bo th  the  p resence and absence of is a t in /^ - th io s e m i 
carbazone,
2 , N ucleic Acid S y n th e s is . The e f f e c t  of is a t in /^ - th io s e m i-  
carbazone on the sy n th e s is  of v i r a l  LNA was in v e s t ig a te d  by 
observ ing  the  in c o rp o ra tio n  of t r i t i a t e d  thym idine in to  DNA by 
au to rad io g rap h y . C e lls  were in fe c te d  and incubated  in  growth 
medium c o n ta in in g  is a t in ^ - th io s e m ic a rb a z o n e . A fte r  10 hours 
in cu b a tio n , 1 ,3 |aC. of t r i t i a t e d  thym idine was added. In cu b a tio n
was continued  f o r  2 hours and the c e l l s  were then  washed to  remove
TABLE 5.4
The E f f e c t  o f I s a t in /^ - th io s e m ic a rb a z o n e  on th e  
P ro d u c tio n  of V ir a l  A n tig e n .
In c u b a t io n  Time 
(h o u rs )
P e rcen tag e  of C e l ls  C o n ta in in g  A n tig en  
when In c u b a te d  in
P resence  I s a t i n ^ -  
th  i  os emi c a rb a  z one
A bsence Isa tin /Ö  -  
th io sem ica rb azo n e
4 0 0
5 2 3
6 16 18
8 69 68
11 84 89
27 91 97
C e l ls  were in f e c te d  and d i lu te d  i n  grow th medium w ith  o r 
w ith o u t th e  p re sen ce  o f i s a t i n ^  - th io se m ic a rb a z o n e . Samples 
were ta k e n  a t  i n t e r v a l s  and s ta in e d  w ith  f lu o r e s c e n t  
a n tib o d y .
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as much un in co rp o ra ted  thym idine as p o s s ib le . Smears were made 
f o r  f lu o re s c e n t  s ta in in g .  A fte r f ix a t io n  in  ace to n e , the s l id e s  
were covered w ith  au to rad io g rap h ic  s t r ip p in g  f i lm  AR10 (Kodak, 
England) and s to re d  dry a t  4° f o r  2 weeks. The s l id e s  were then 
developed f o r  20 m inutes in  D 19b (Kodak) a t  18° and the 
p ro p o rtio n  of c e l l s  showing cytoplasm ic in c o rp o ra tio n  of thym idine 
(v a c c in ia  v iru s  f a c to r i e s )  were counted . The p ro p o rtio n  of such 
c e l l s  was found to  be u n a ffec ted  by the presence of i s a t in ^ - th io -  
sem icarbazone being  1 (sfo in  the  c o n tro l suspension  and Yjf-fo in  the 
c e l l s  t r e a te d  w ith  is a t in ^ - th io s e m ic a rb a z o n e .
E f fe c t  of I s a tin ^ - th io se m ic a rb a z o n e  when Added during  the Growth 
C ycle.
The fo reg o in g  experim ents have shown th a t  i s a t i n / 2 - t h i o -  
sem icarbazone does n o t in te r f e r e  w ith the fo rm atio n  of v i r a l  
components b u t does in h ib i t  th e  p ro d u c tio n  o f in fe c t io u s  v iru s . 
This su g g ests  th a t  i s a t i n ^  -th iosem icarbazone in te r f e r e s  in  some 
way w ith  the assembly or m atu ra tio n  of v i r a l  components. To 
provide in fo rm atio n  on th i s  p o in t, c e l l s  were in fe c te d  and 
incubated  in  growth medium. At v a rio u s  tim es a f t e r  in f e c t io n ,  
a l iq u o ts  of c e l l s  were removed, t ra n s fe r re d  to  sep a ra te  growth 
tubes and in c u b a tio n  con tinued  in  the presence of i s a t i n ^  - th i o ­
sem icarbazone. A fte r  a  t o t a l  of 28 hours in cu b a tio n , samples were 
removed and assayed  fo r  in fe c t io u s  v i ru s .  The r e s u l t s  a re  g iven
TABLE 3.5
The Effect of Isatin /6-thiosemicarbazone on the 
Production of Complement Fixing Antigen
Time after Infection 
(hours)
Antigen Titer
Infected cells Incubated in
Growth Medium Growth Medium + 
Isatin-thiosemi- 
carbazone
12 16 16
24 52 16
50 52 16
The antigen usedPconsisted of a disrupted infected cell 
suspension (5*10'' cells per ml.) centrifuged to remove 
cell debris. Antigen was diluted serially in a dropwise 
test with 1:80 hyperimmune rabbit antivaccinia serum and 
3 MHD of complement. Fixation occurred overnight at 4° 
and the titer ?/as recorded as the dilution of antigen 
which fixed 5Q7° of the complement.
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in Table 3*6* The amount of infectious virus present at the 
end of incubation was not significantly greater than background 
in those samples to which isatin^ -thiosemicarbazone was added 
during the first 6 hours. When it was added after longer periods 
after infection, infectious virus was produced but the titer 
never exceeded that present at the time the isatin /^-thiosemi­
carbazone was added to the cells. The addition of isatin 
^-thiosemicarbazone thus fixes the infected cell system with 
respect to the amount of infectious virus present at the time of 
addition,
Removal of Isatin^-thiosemicarbazone after Increasing Periods 
of Exposure,
To ascertain whether the inhibitory effect of isatin 
^-thiosemicarbazone could be reversed, cells were infected and 
incubated in growth medium containing isatin^-thiosemicarbazone. 
After 0,2,6,9»12 and 21 hours incubation, aliquots of cells were 
removed, washed twice in volumes of BSS and reincubated in
separate growth tubes in growth medium* The results (Table 3*7) 
show that any period of exposure to isatin/^ -thiosemicarbazone 
resulted in a decrease in the amount of infectious virus present 
at the end of incubation. This suggests that the inhibitory 
effect once it had been exerted on vegetative virus at the 
sensitive stage of its multiplication (maturation or assembly),
TAB IE 3.6
Addition of Isatin/^-thiosemicarbasone at 
Intervals after Infection.
Time of Addition 
of Isatin^ - 
thiosemicarbazone 
after Infection 
(hours)
Percentage of Cells 
Yielding Virus at 
Time of Addition
Virus Titer 
(FFU/ml.x 10* )
At Time of 
Addition
After
Incubation
3 0 3.2 0.7
4 0 2.8 0.8
5 3 2.0 0.7
6 18 2.6 1.2
7 68 13 12
11 89 31 36
Cells were infected and incubated in growth medium. At the 
times stated samples were removed for infectivity titration 
and fluorescent staining. Aliquots were also removed and 
incubated separately in growth medium containing isatin/3- 
thiosemicarbazone. After a total of 24 hours incubation 
samples were again titrated for infectious virus.
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could not be reversed by simple dilution. The inhibitor was 
not, however, fixed in the cell, since certain particles were 
able to multiply on removal of the inhibitor. Such active 
virus particles were presumably those which had not reached the 
sensitive stage in their multiplication.
Reinfection of Cells containing Blocked Virus.
It has been demonstrated that, when infected cells are 
incubated in isatiny6-thiosemicarbazone, the production of viral 
components occurs as usual. To determine whether the presence of 
this viral material affected the susceptibility of the cells to 
infection by a second virus, cells were infected and incubated in 
growth medium containing isatin^ -thiosemicarbazone. After 22 
hours incubation, the cell suspension was washed twice in BSS 
containing 0.5^> ca.lf serum and divided into two. One aliquot 
was exposed to rabbitpox virus (which produces IT*- pocks) for 30 
minutes at 23°, in parallel with a similar number of uninfected 
cells previously exposed to isatin/^-thiosemicarbazone for 22 
hours, and the cells were then washed again and diluted for 
incubation in growth medium. The other aliquot was treated 
similarly but in the absence of rabbitpox virus. After further 
washing the cells were diluted in growth medium and incubated at 
37°• Samples were taken at the start of incubation and again
TABLE 5 ,7
Removal o f IsatinyÄ  - th io se m ic a rb a z o n e  a f t e r  
I n c r e a s in g  P e rio d s  of E xp o su re .
Time o f In c u b a t io n  in V irus T i t e r  a f t e r  a  T o ta l of
I s a t i n /6  - th io s e m i-  
ca rb az  o n e . (h o u rs )
24 h ou rs in c u b a tio n  
(PFU p e r  m l.x  104 )
0 159
2 75
6 28
9 15.5
12 7 .7
20 0 .6
C e l ls  were in f e c te d  and in c u b a te d  i n  grow th medium 
c o n ta in in g  i s a t i n ^  - th io se m ic a rb a z o n e . A f te r  th e  
p e r io d s  of exposure in d ic a te d ,  a l iq u o ts  o f c e l l s  were 
removed, washed tw ice and in c u b a te d  in  norm al grow th 
medium. A f te r  a  t o t a l  o f h o u rs  in c u b a tio n , sam ples 
were removed and t i t r a t e d  f o r  in f e c t io u s  v i r u s .
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a f t e r  6, 11,24 and 30 hours and t i t r a t e d  f o r  c e l l - a s s o c ia te d  
v iru s .  The r e s u l t s  a re  g iven  in  Table 3 . 8 . The amounts o f 
v iru s  adsorbed by the two p re p a ra t io n s  were s im ila r  b u t in  
c e l l s  c o n ta in in g  blocked v iru s  m u l t ip l ic a t io n  of v iru s  e i th e r  d id  
not occur a t  a l l  o r, i f  i t  d id , was of very l im ite d  e x te n t .  No 
" r e a c t iv a t io n ” of the blocked v iru s  was observed .
DISCUSSION
The f a i l u r e  of isa tin y 4 -th io sem ica rb azo n e  to  in a c t iv a te  
n eu rovacc in ia  v iru s  in  v i t r o ,  a lthough  in h ib i t in g  m u lt ip l ic a t io n ,  
has been dem onstrated by Thompson e t  a l .  (1953) an<i S h e f f ie ld  e t  
a l .  ( i 960) .  The l a t t e r  w orkers concluded th a t  is a tin y Ä -th ic se m i-  
carbazone must be a c tiv e  a g a in s t  th e  v iru s  a t  an i n t r a c e l lu la r  
stage  of m u lt ip l ic a t io n  i . e .  a g a in s t  v e g e ta tiv e  v i r u s .  These 
f in d in g s  have been confirm ed in  the p re se n t s tudy  in  which i t  has 
been f u r th e r  shown th a t  the sy n th e s is  of v i r a l  components, p ro te in  
and n u c le ic  a c id , a re  u n a ffec ted  by the p resence of the in h ib i to r .
The s t ru c tu re  of is a tin /4 - th io se m ic a rb a z o n e  bears  no 
apparen t resem blance to u n its  re q u ire d  fo r  p ro te in  or n u c le ic  a c id  
sy n th e s is  sc  th a t  i t  seems im probable th a t  p a r t  of the in h ib i to r  
m olecule could be in co rp o ra ted  du rin g  sy n th es is  of v i r a l  
components w ith  the consequent fo rm ation  of n o n -fu n c tio n a l m a te r ia l .  
Such in c o rp o ra tio n  would not be expressed  in  the fo rm ation  of 
n o n -in fe c tio u s  v iru s  u n its  u n t i l  some time a f t e r  a d d itio n  of the
TABLE 3 .8
R e in fe c t io n  of C e l ls  C o n ta in in g  B locked V iru s
V irus T i te r  (FFU/ml x 10^)
In c u b a tio n  Time 
(h o u rs)
C ells  C ontain ing  Blocked V irus Normal C ells
Exposed to  RP Rot Exposed Exposed to  RP
IT^Pocks U Pocks U Pocks Unlocks
0 5 .5 0.4 2 . 5
6 1.2  0 .4 0.4 2.4
11 1.6 0.4 - 25
24 2.1  0 .6 0 .4 75
C e lls  w ere in f e c te d  w ith  v a c c in ia  V-MH (w hich produces U pocks) 
and in c u b a te d  in  grow th medium c o n ta in in g  i s a t i n ^  - th io se m ic a rb a z o n e . 
A f te r  22 h o u rs , th ey  were w ashed, c o n c e n tra te d  and one a l iq u o t  
exposed to  ra b b itp o x  v iru s  (w hich p roduces IT*" pocks) f o r  30 
m inutes a t  23°, i n  p a r a l l e l  w ith  a  s im i la r  number of u n in fe c te d  
c e l l s  ( a l s o  p re v io u s ly  exposed to  i s a t i n ^  - th io se m ic a rb a z o n e ) .
The o th e r  a l iq u o t  was t r e a te d  s im i la r l y  w ith o u t exposure to  
v i r u s .  The c e l l s  were washed a g a in  and  in c u b a te d  in  grow th 
medium. Sam ples w ere ta k e n  a t  i n t e r v a l s  and t i t r a t e d  f o r  in f e c t io u s  
v i r u s .
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compound s in ce  component sy n th e s is  precedes in f e c t io u s  v iru s  
p ro d u c tio n . The f a c t  th a t  a d d itio n  o f isatinylJ -th iosem icarbazone 
to  in fe c te d  c e l l s  r e s u l t s  in  an immediate c e s s a t io n  of in fe c tio u s  
v iru s  p ro d u c tio n  in d ic a te s  th a t  assem bly or m a tu ra tio n  e i th e r  
ceases to  ta k e  p lace  in  i t s  p resence  or e ls e  r e s u l t s  in  the 
immediate fo rm ation  of n o n -in fe c tio u s  p a r t i c l e s .
When in fe c te d  c e l l s  were exposed to  i s a t i n ^  -th io se m i­
carbazone fo r  v a rio u s  len g th s  of tim e, i t  was observed th a t  even 
an exposure p e rio d  as sh o r t as 2 hours r e s u l te d  in  a 50/o 
re d u c tio n  in  the t i t e r  of v iru s  subsequen tly  produced. No 
evidence of assem bly or m a tu ra tio n  has been ob ta ined  befo re  4 
hours a f t e r  in f e c t io n  (E asterb rook , 1961b), so th a t  a lthough  
i s a t i n ß -th iosem icarbazone does n o t in te r f e r e  w ith the sy n th es is  
of v i r a l  components, i t  i s  capable of re n d e rin g  them u n su ita b le  
a f t e r  sy n th e s is  f o r  the m anufacture of in fe c t io u s  v iru s  p a r t i c l e s .
P re lim in a ry  e le c tro n  m icroscope photographs re v e a l the  
presence of v iru s  p a r t i c le s  in  in fe c te d  c e l l s  which have been 
incu b ated  in  the presence of i s a t i n ft -th iosem icarbazone  bu t the 
number of such p a r t i c l e s  i s  co n sid e rab ly  le s s  th an  th a t  norm ally 
observed in  th e se  c e l l s .  T his would su g g est th a t  bo th  fo rm ation  
of n o n - in fe c tio u s  p a r t i c le s  and in h ib i t io n  of assembly r e s u l t  
from the  p resence of th i s  in h ib i to r .  B e tte r  p ic tu re s  a re , however, 
re q u ire d  b e fo re  th i s  can be s ta te d  w ith  c e r ta in ty .
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Two other classes of compounds have been described as 
inhibiting the production of infectious virus without affecting 
the synthesis of viral components. These are the acridines and 
certain of the benzimidazoles e.g. 2-(*-hydroxybenzy l)-benzimidazole 
(Tamm, i960). The mechanism of action of the latter is not known 
but it has been recently shown that acridine molecules can be 
incorporated into DNA molecules by intercalation between adjacent 
nucleotide-pair layers (Lerman, I96I). Depending, presumably, on 
the extent of incorporation, this may render the DNA unsuitable 
spatially for assembly with consequent inhibition of viral 
assembly and this has been observed in the case of proflavine 
inhibition of bacteriophage multiplication (Kellenberger and 
Sechaud, 1957)» In the case of RNA-containing viruses e.g. polio­
virus, dye molecules may be incorporated into the virus particles 
on assembly and subsequently inactivate the infectivity of the 
particles photodynamically (Crowther and Melnick, 1961). Certain 
comparisons can be drawn between the action of isatiri/4-thiosemi- 
carbazone and the acridines but information is lacking as to 
whether this inhibitor is associated with a viral component or 
whether it possesses any photodynamic inactivating activity.
Luin and Smith (1957) observed that the inhibition of 
influenza virus multiplication by benzaldehyde 3-thiosemicarbazone
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was c o m p e tit iv e ly  i n t e r f e r e d  w ith  by p a n to th e n ic  a c id .  A ttem pts 
to  b lo c k  th e  in h i b i t i o n  o f i s a t i n /6 - th io se m ic a rb a z o n e  by v itam in s  
or p u r in e s  proved u n s u c c e s s fu l .  A d d itio n  o f c u p r ic  io n s  a t  the 
same tim e o r a f t e r  a d d i t io n  of is a t in /5 - th io s e m ic a rb a z o n e  was 
s im i la r ly  in e f f e c t iv e  (E a s te rb ro o k , u n p u b lish e d  r e s u l t )  so th a t  
th e  s u g g e s tio n  by B auer and S a d le r  ( 1960b ) t h a t  t h i s  compound 
may a c t  by c h e la t io n  w ith  copper p r e s e n t  in  th e  p a r t i c l e s  seems 
u n l ik e ly .  T his l a t t e r  o b s e rv a tio n  con firm s th a t  of Thompson e t
a l .  (1953).
The f a c t  th a t  d i f f e r e n t  members o f the P o x v iru s  group 
vary  c o n s id e ra b ly  in  t h e i r  s e n s i t i v i t y  to  in h i b i t i o n  (B auer and 
S h e f f ie ld ,  1959> B auer, 1 9 6 l)  i s  in  agreem ent w ith  th e  h y p o th e s is  
th a t  i n h i b i t i o n  i s  d i r e c te d  a g a in s t  the v i r u s  a t  a  te rm in a l s ta g e  
of i t s  developm ent r a th e r  th a n  a g a in s t  s y n th e t ic  mechanisms o f 
th e  h o s t  c e l l .
I t  was observed  in  the p r e s e n t  s tu d y  (u n p u b lish e d  r e s u l t )  
t h a t  a t  the c o n c e n tra t io n  u sed , i . e .  IOjjM, i s a t in /*  - th io s e m ic a rb a ­
zone d id  n o t p r o te c t  in f e c te d  c e l l s  from  the c y to p a th ic  e f f e c t s  
o f the  v i r u s .  S in ce  S h e f f ie ld  e t  a l .  ( i 960) o b ta in e d  p r o te c t io n  
u s in g  t h i s  compound in  m onolayers o f ERK c e l l s ,  i t  seems p ro b ab le  
t h a t  a t  th e  c o n c e n tra t io n s  th e se  w orkers em ployed, component 
s y n th e s is  as  w e ll  as  m a tu ra tio n , was i n h ib i t e d .  I n h ib i t io n  of 
component s y n th e s is  was a l s o  observed  a t  h ig h e r  c o n c e n tra t io n s  of
isatin^-thiosemicarbazone in this study and has been described 
for concentrations of proflavine in excess of the minimally 
effective concentration (ikegami et al., i960).
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SUMMARY
Isatin/^-thiosemicarbazone at concentrations of 
lOpM or greater inliibits the production of infectious virus 
in KB cells infected with vaccinia virus. At this concentration, 
isatin yd-thiosemicarbazone exerts no demonstrable effect on 
the production of viral antigen or viral DNA or on the host 
cells.
Addition of isatin/6-thiosemicarbazone to infected 
cells at any time during the growth cycle results in an 
immediate cessation of virus maturation.
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THE EFFECT OF 5-BROMOJ3EOXYÜRIDINE ON THE 
MULTIPLICATION OF VACCINIA VIRUS.
70.
INTRODUCTION
5-Bromouracil (BU) and 5-bromodeoxyuridine (BUD) are 
analogues of thymine and thymidine respectively and are in­
corporated in the place of thymine into the DNA of bacteria 
(Zamenhof and Griboff, 1954» Dunn and Smith, 1954» Wacker et 
al., 1954)» and mammalian cells (Eidinoff et al., 1959» Hakala, 
1959» Djordjevic and Szybalski, I960; Davern, I960; Simon,
1961a). Such incorporation results in increased density of the 
DNA and increased radiosensitivity (Djordjevic and Szybalski, i960). 
Since BU is an analogue of thymine, suppression of endogenous 
thymidine synthesis by means of 5-fluorodeoxyuridine (Cohen et 
al., 1958) or aminotperin may be necessary to achieve high levels 
of incorporation (e.g. Eidinoff et al., 1959» Djordjevic and 
Szybalski, i960).
Substitution in the DNA of bacteria and most mammalian 
cells does not lead to cessation of growth but in the case of 
Hela (Hakala, 1959; Davern, i960; Simon, 1961a) and KB (Davern, 
i960) cells, multiplication is restricted to a single division in 
the presence of BUD. In these cells the effect of BUD cannot be 
reversed when the period of exposure has exceeded 24 hours.
BU is also incorporated into the DNA of bacteriophage 
(Litman and Pardee, 1956; Freese, 1959) and this leads to increased 
radiation-sensitivity (Stahl et al., 1961) and to the production
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of m utants as w e ll as the p ro d u c tio n  of n o n - in fe c tio u s  phage 
p a r t i c l e s .
Among the  anim al v iru s e s , v a cc in ia  v iru s  has been shown 
to  be in h ib i te d  by BU (Thompson, 1949) and BUD (Simon, 1961b) and 
th e  p re s e n t s tudy  was an a ttem p t to  in v e s t ig a te  th i s  in h ib i t io n  
in  g re a te r  d e t a i l .
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MATERIALS AND METHODS
Virus Stocks. Three virus strains were used. Most of the
experiments employed the V-MR strain of dermal vaccinia. Other
strains were rahbitpox (RP-_u+) and "the IHD strain. The properties
of these strains are fully described in Fenner (1958)*
Infection and Growth Cycle Procedure. These have been described
in detail elsewhere (Easterbrook, 1961a). Briefly, the procedure
was as follows. KB cells were grown as monolayers then removed
from the glass with trypsin-versene. After washing, 0.1ml. of a
virus preparation was added and the cells stirred for J O minutes
6at room temperature at a concentration of 10 cell per ml. They 
were then washed to remove unadsorbed virus diluted 10-fold and 
incubated at 57° in growth medium, consisting of Jffo human serum +
0.5^ lactalbumin hydrolysate in Hanks' BSS.
As say Me thods. The infectious virus content of cells was determined 
following disruption of the cells by titration on the chori- 
allantoic membrane as described by Westwood and Boulter (1957)*
The presence of antigen in cells was demonstrated by staining with 
a specific fluorescent conjugated antibody.
Analogue. 5-bnomodeoxyuridine (BUD) was obtained from the 
California Corporation for Biochemical Research of Los Angeles.
5-fluorodeoxyuridine (FIJI)) was present in some experiments to 
inhibit endogenous thymidine synthesis (Cohen et al., 1958) together
TABIE 4 .1
M u l t ip l ic a t io n  o f V irus in  C e l ls  P re v io u s ly  Exposed 
to  5-B rom odeoxyuridine *
P re tre a tm e n t rfo F lu o re s c e n t V iru s  Y ie ld  .
o f C e l ls c e l l s (PFU/m l.x 104 )
FUD.U.BUD 7055 48
M L 30fo 30
C e lls  were p r e t r e a te d  f o r  2 days as shown th e n  washed 
and in c u b a te d  i n  norm al medium o v e rn ig h t .  A f te r  
i n f e c t io n  and su b seq u en t in c u b a tio n  in  su sp e n s io n  f o r  
30 h r s .  sam ples were ta k e n  f o r  i n f e c t i v i t y  and f lu o r e ­
s c e n t a n tib o d y  s t a in in g .
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w ith  u r id in e  (ü )  to  su p p re ss  the  e f f e c t s  a r i s i n g  from  th e  
c o n v e rs io n  of FUD to  f l u o r o u r a c i l  and f l u o r o u r id in e .  I t  was 
su b se q u e n tly  found  th a t  BUD i n h i b i t i o n  was a t t a in a b le  w ith o u t 
th e  a d d i t io n  of FUD. U nless o th e rw ise  m entioned the  c o n c e n tra t io n s  
used  w ere; BUD 5CjuM,, FUD lpM ., U lOpM.
RESULTS
The M u l t ip l ic a t io n  o f V a c c in ia  in  C e l ls  Exposed to  BUD.
C e lls  Exposed b e fo re  I n f e c t io n , To d e term in e  w hether v i ru s  would 
m u ltip ly  in  c e l l s  whose DNA. s y n th e s is  had been  in h ib i te d  by BUD, 
m onolayers of c e l l s  were p re in c u b a te d  f o r  two days i n  medium con­
ta in in g  FUD.U.BUD, th e n  washed and in c u b a te d  in  norm al medium 
o v e rn ig h t .  The c e l l s  were removed from  th e  g la s s  and exposed  to  
v i r u s .  A f te r  i n f e c t io n  th e  c e l l s  were in c u b a te d  a t  37° f o r  30 
h o u rs . Samples were ta k e n  a t  th i s  tim e from  the  c e l l  su sp e n s io n , 
and from  a  c o n t ro l  su sp e n s io n  w hich had no t been  exposed to  th e  
i n h i b i t o r ,  and t i t r a t e d  f o r  in f e c t io u s  v i r u s  and s ta in e d  w ith  
f lu o r e s c e n t  a n t ib o d y . The r e s u l t s  a re  g iv e n  in  T able 4*1» I t  can 
be seen  th a t  r a t h e r  than  b e in g  a d v e rs e ly  a f f e c t e d  by t h e i r  p e r io d  
o f ex p o su re , c e l l s  p r e t r e a te d  w ith  th e  i n h i b i t i o n  were more 
s u s c e p t ib le  th a n  u s u a l. T h is  may p o s s ib ly  be a t t r i b u t e d  to  the  
in c re a s e  in  c e l l  s iz e  w hich o ccu rs  fo llo w in g  in h i b i t i o n  o f c e l l  
d iv i s io n  by BUD ( c f .  H akala , 1959)»
C e lls  Exposed a f t e r  I n f e c t io n . The n e x t ex p erim en t was d es ig n ed
TABLE 4 .2
FUD.U.BTJD A bsent FUD.U.BTJD P re s e n t
In c u b a t io n  Time 
a f t e r  A d d itio n  of 
v i r u s  (h o u rs )
°fo F lu o re s c in g  
C e l ls
V irus 
Y ie ld  
(PFU/  
c e l l )
$  F lu o re s c in g  
C e lls
V iru s
Y ie ld
(PFU/
c e l l )
1 0 12 0 12
3 0 1 .1 0 1 .6
5 5 0.33 0 0 .7 4
7 30 1 .0 0 0 .2 1
10 50 - 11 -
13 70 32 30 0 .1 7
25 82 68 63 0 .1 3
C ells  were in fe c te d  and incubated  in  the  presence or absence 
of FIJD.U.BUD. A fte r  v a rio u s  tim es of in cu b a tio n , c e l l  
samples were removed ( t i t r a t e d  fo r  in fe c t io u s  v iru s )  and 
s ta in e d  w ith  f lu o r e s c e n t  antibody*
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to test the effect of BUD on the multiplication of virus when 
it was present in the medium from the start of the growth cycle. 
Cells were infected and incubated in growth medium containing 
FUD.U.BUD. Samples were removed at intervals and assayed for 
infectious virus and the presence of antigen. The results given 
in Table 4«2 show that the virus went into eclipse, as indicated 
by the fall in infectivity in the presence of the inhibitor, but 
that no infectious virus was produced. The synthesis of viral 
antigen, however, occurred although the appearance of antigenic 
material was delayed and the number of cells in which antigen was 
produced was somewhat lower than in the absence of the inhibitor. 
Kinetic Analysis of Inhibition.
Since BUD is a metabolic analogue of thymidine, it might 
be expected that the effect of FUD.U.BUD would exerted during the 
phase of synthesis of viral DNA. To define the stage at which 
inhibition was effected the following experimental designs were 
used. The inhibitor was added at the start of the growth cycle 
and then removed at intervals and the incubation of the cells 
continued in normal medium. This design allowed an estimate of 
the time of commencement of the stage at which inhibition was 
produced, since on removal of the inhibitor virus which had not 
reached the stage was able to multiply. 2) The inhibitor was 
added at intervals after infection and thereafter incubation
2TL
Fig. 4*1* Production of Virus after Various Periods of 
Exposure to FU1).U.BUD.
Infected cells were incubated in medium 
containing FUD.U.BUD. After various periods 
of exposure, aliquots were removed, washed with 
BS8 and reincubated in normal growth medium for 
a total of 30 hours. Samples were taken at this 
time for infectivity titration.
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continued in FDD.U.BUD. This demonstrated the end of the 
sensitive stage for virus multiplication and virus beyond this 
was unaffected. These designs are suitable for any inhibitor 
and have been successfully employed in the analysis of azide 
inhibition of viral multiplication (Easterbrook, 1961b),
Removal of Inhibitor after Periods of Exposure. Cells were 
infected and incubated in medium containing FUD.U.BUD. At intervals 
aliquots of cells were removed, washed twice in BSS and re­
incubated in medium containing lOOpM. thymidine. Samples were 
titrated for infectious virus after a total of 30 hours from the 
time of addition of virus. The results are given in Fig. 4*1«
If the inhibitor is removed during the first two hours 
after addition of the virus, the virus yield is unaffected by the 
cells’ exposure. After between 2 and 12 hours exposure, the yield 
of virus subsequently produced falls until inhibition becomes 
irreversible for all virus particles soon after 12 hours. The 
sensitive stage of multiplication thus did not start earlier than 
about two hours after addition of virus for any virus particle, 
Post-Infection Addition of Inhibitor. Aliquots of cell suspensions 
were removed from an infected cell population at intervals after 
the start of incubation, inhibitor added, and incubation continued 
in the presence of FUD.U.BUD for a total of 30 hours. Cell samples 
were assayed at this time for infectious virus with the results
I
TIME OF ADDITION OF BUD 
(HOURS AFTER INFECTION)
F ig .  4*2. P ro d u c tio n  of V irus a f t e r  Adding FIJI).U.BUD a t  
V arious I n t e r v a l s  a f t e r  I n f e c t io n .
(o )  Amount of c e l l - a 3 s o c ia te d  v i ru s  p re s e n t  a t  
th e  tim e of a d d i t io n  o f FUD.U.BUD.
(a ) Amount of c e l l - a s s o c i a t e d  v i r u s  p re s e n t  a f t e r  
subseq u en t in c u b a tio n  in  FIJI).U.BUD w hich was 
added to  th e  c e l l s  a t  th e  tim es shown.
In fe c te d  c e l l s  were in c u b a te d  in  grow th medium. A f te r  
th e  tim es shown, a l iq u o ts  of c e l l s  were removed and 
r e  in c u b a te d  f o r  a  t o t a l  o f J>0 h o u rs  i n  grow th medium 
c o n ta in in g  FUD.U.BUD. Samples were ta k e n  a t  th e  tim e 
o f a d d i t io n  and a f t e r  in c u b a tio n  in  FUD.U.BUD.
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shown in  P ig . 4*2#
I f  the in h ib i to r  was added w ith in  th ree  hours of the 
in f e c t in g  v iru s ,  th e  p ro d u c tio n  of new v iru s  was in h ib i te d .  I f  
i t  was added a t  f iv e  hours a s ig n i f ic a n t  amount of v iru s  had 
escaped in h ib i t io n  as evidenced by the p ro d u c tio n  of new v iru s . 
Thus f o r  the most advanced v iru s  p a r t i c l e ,  the s e n s i t iv e  s tag e  
was over by about 4 hours a f t e r  the  tim e of a d d it io n  of v iru s .  
R e in fe c tio n  of C e lls  C on ta in ing  BHD-Blocked V iru s .
I t  appears to  be a p ro p e rty  of v iru se s  of the  Poxvirus 
group th a t  p a r t i c l e s  in a c t iv a te d  by c o n tro lle d  h e a tin g  are 
re p re se n te d  in  th e  y ie ld  of c e l l s  in fe c te d  w ith  a m ixture of 
a c t iv e  and h ea ted  v iru s  (Fenner e t  a l , ,  1959» Hanafusa e t  a l . ,  
1959)* Recom bination i s  a lso  a  common phenomenon in  the Poxvirus 
group (Fenner and Gomben, 1958)* Experim ents were c a r r ie d  out to  
determ ine w hether in te r a c t io n s  between a c tiv e  v iru s  and v iru s  
blocked by FUD.U.BUD would a ls o  occur in  c e l l s  co n ta in in g  b o th .
C e lls  were in fe c te d  w ith  the  V-MH s t r a i n  of v a cc in ia  
which produces a w hite opaque pock on the CAM (Fenner, 1958) and 
incu b ated  in  growth medium c o n ta in in g  in h ib i to r .  A fte r  10, 20 
and 50 h o u rs , a l iq u o ts  were removed and Trashed tw ice in  BSS. One 
a l iq u o t  was exposed to  rab b itp o x  v i r u s ,  a s t r a i n  producing 
u lc e ra te d , haem orrhagic pocks, an o th e r was exposed to  rab b itp o x  
v iru s  which had been h ea ted  fo r  15 m inutes a t  60° , and th e
TAB IE 4.3
Superinfection of Cells Containing BUB-Blocked Virus 
with Live and Heat-Inactivated Virus.
Incubation Time 
(hours)
Average Virus Yield (PFU/Cell)
Unchallenged Challenged
Live Virus Heated Virus
10 1.4 + 8.5$ U 10.8 + 16.6$ U 6.4 + 20.7$ U
174 U+ 9 U+
20 0.7 + 10.$ U 5.3 + 12.5/° U 1.9 + 17*4$ U
128 U+ 4 U+
30 0.4 ±  15.2$ U 2.3 + 16.6$ U 0.7 + 21.8$ U
99 if 4 U*
Cells were infected with V-MH (u) virus and incubated in 
growth medium containing FTJD.U.BUD. After various times,
3 aliquots were removed and washed twice with BSS. One 
aliquot was exposed to live rabbitpox (U*) virus, another 
was exposed to heated rabbitpox virus and the remaining 
aliquot was unchallenged. All aliquots were then incubated 
in growth medium for a further 24 hours.
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rem ain ing  a l iq u o t  was m anipulated  in  the  same way b u t in  the 
absence of v i r u s .  A ll a l iq u o ts  were in cu b ated  in  growth medium 
f o r  24 hours a f t e r  s u p e r in fe c tio n  and sam ples then  taken  f o r  
in fe c t io u s  v iru s .
There was a s ig n i f ic a n t  in c re a se  in  the y ie ld  of U pock 
type v iru s  when c e l l s  were su p e r in fe c te d  w ith  l iv e  ra b b itp o x  
v iru s  (Table 4*3)* In  the  case of hea ted  v iru s  ch a llen g e , 
r e a c t iv a t io n  of a sm all number of p a r t i c l e s  occurred  w ith  a 
concommitant sm all in c re a se  in  the  y ie ld  of U pock-type v i r u s .
I t  i s  not p o ss ib le  to  decide from average p o p u la tio n  
y ie ld s  w hether r e a c t iv a t io n  of hea ted  v iru s  i s  caused by the  
presence  in  the  same c e l l  of h ea ted  v iru s  and FUI).U.BUD in h ib i te d  
v iru s  or w hether i t  i s  caused by a l a t e - in f e c t in g  p a r t i c l e  th a t  
i n i t i a t e d  in fe c t io n  in  a  c e l l  c o n ta in in g  h ea ted  v iru s  a f t e r  
challenge and removal of the in h ib i to r .  More in fo rm atio n  can, 
however, be ob tained  from a s tudy  of the v iru s  y ie ld s  of in d iv id u a l 
c e l l s  (Table 4*4)*
I t  can be seen  from  the unchallenged c e l l  sample, th a t  
only a sm all p ro p o rtio n  o f c e l l s  shown by f lu o re s c e n t  s ta in in g  to  
have been in fe c te d  was re sp o n s ib le  f o r  the v iru s  produced on 
removal of the in h ib i to r .  This number decreased  w ith  in c reased  
exposure to  FTJD.U.BUD and i t  would seem reaso n ab le  to  su g g est th a t  
the  v iru s  produced was the r e s u l t  o f m u l t ip l ic a t io n  of v iru s
TAB laß 4 .4
S u p e r in f e c t io n  o f C e lls  C o n ta in in g  BHD-Blocked V iru s  
w ith  Live and H e a t- In a c t iv a te d  V iru s . A n a ly s is  
of Y ie ld s  o f S in g le  C e l l s .
In c u b a t io n  Time 
(h o u rs )
Number of c e l l s ,  i n  a sample o f \ 
y ie ld in g  v i r u s  o f a  c e r t a i n  pock 
c h a ra c te r
55,
R eversed Live C hallenge H eated  Cll a l l e  nge
U U+ UU+ U U+ UU+ U TJ+ UU+
10 5 1 11 16 7 4 3
20 3 1 14 10 2 0 1
30 2 0 21 5 1 0 1
C e lls  were in f e c te d  w ith  U v ir u s  (VMM) and in c u b a te d  in  grow th 
medium c o n ta in in g  FHD.U.BtiD. A f te r  v a r io u s  tim e s , 3 a l iq u o ts  
were removed and washed tw ice  w ith  BSS. One a l iq u o t  was 
exposed to  l iv e  v i r u s  (RP) a n o th e r  was exposed to  h e a te d  U4' 
v i r u s  (RP) and the rem ain ing  a l iq u o t  was u n c h a lle n g e d . A ll 
a l iq u o ts  were th e n  in c u b a te d  in  grow th medium f o r  a  f u r t h e r  
24h r s .  35 s in g le  c e l l s  were i s o la te d  and t h e i r  v iru s  y i e ld  
t i t r a t e d .
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which initiated infection after removal of the inhibitor, The 
number of cells yielding virus of U pock-type was increased three 
times by challenge with live virus at 10, 20 or 30 hours but the 
number of U pock-type virus per cell was little or no higher 
than in the unchallenged preparation. No increase in the number 
of cells yielding U pock-type virus was obtained by challenge 
with heated virus but in the cells yielding virus of both types
the yield of both was high suggesting that reactivation occurs in
*
cells in which infection is initiated after removal of the inhibitor. 
Relative Effect of FUD and BUD in FUD,U,BUD.
Since both PUD and BUD have been shown to inhibit DMA. 
synthesis, it was important to discover the relative importance 
of the role played by each component in the inhibition of 
vaccinia. In an experiment designed to throw light on this, cells 
were infected and incubated in growth medium containing FUD,U,BUD, 
After three hours, aliquots were washed twice in BSS and diluted 
in growth medium containing l) lpM. PUD 2) lpM. PUD + lOOpM. 
thymidine 3) 50pM. BUD 4) 50pM. BUD + lOOpM. thymidine 5) lOOpM. 
thymidine 6) no addition. After a further 24 hours incubation, 
cell samples were titrated for infectious virus.
The results (Table 4*5) show that removal of BUD was 
essential for removal of inhibition. Cessation of FUD.U.BUD 
inhibition was achieved by simple dilution and the presence of
TAB IE 4.5
The Relative Roles Played by PHD and BUB in FUB.U.BUB.
Incubation Medium Average Virus 
Yield 
(EFU/cell)
Growth medium + lpM. PUB + lOOpM. Thymidine 15.0
Growth medium + lpM. PUB 1.0
Growth medium + 50pM. BUB + lOOpM. Thymidine 0.3
Growth medium + 50pM. BUB 0.24
Growth medium + 100 pM. Thymidine 15.0
Growth medium 12.0
Cells were infected and incubated in growth medium 
containing PUB.U.BUB, After 2hrs. aliquots were 
washed twice in BSS and incubation continued for 
24hrs. in ‘the medium stated.
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a d d it io n a l  thym idine was no t requ ired*
E stab lish m en t of BUD In h ib i t io n  in  the P resence of N uc leo sid es .
In  an a ttem p t to  o b ta in  more in fo rm atio n  on the mode of 
a c t io n  of BUD, c e l l s  were in fe c te d  and a l iq u o ts  then  incubated  
in  medium c o n ta in in g  BUD and v a rio u s  n u c leo s id es  a t  c o n ce n tra tio n s  
of lOOpM. The nuc leo sid es  te s te d  were thym idine, u r id in e , adenosine 
and deoxyurid ine  and deoxyadenosine. The v iru s  y ie ld s  produced in  
the presence of th ese  compounds and BUD are  g iven  in  Table 4*6.
Thymidine was the  only compound te s te d  th a t  e x e r te d  a 
dem onstrable e f f e c t  in  b lo ck in g  BUD in h ib i t io n .
BUD-Thymidine C om petition .
Since BUD is  an analogue of thym idine and BU i s  in co rp o ra ted  
in to  DM in  o th e r system s, i t  was p o ss ib le  th a t  th e  r e l a t i o n  
between thym idine and BUD was a com petitive  one and th a t  the base 
in c o rp o ra te d  in to  the  v a cc in ia  DNA depended on the outcome of 
such a co m p etitio n . This was in v e s t ig a te d  by in fe c t in g  c e l l s  and 
in c u b a tin g  a l iq u o ts  i n  medium c o n ta in in g  v a ry in g  c o n ce n tra tio n s  
of BUD and thym idine. Samples were t i t r a t e d  f o r  in fe c t io u s  v iru s  
a f t e r  30 hours in c u b a tio n .
Table 4 »7 shows th a t  th e re  was co m p etitio n  between BUD 
and thymidine and th a t  about a 2 0 -fo ld  excess of thym idine was 
re q u ire d  to  p rev en t in h ib i t io n  in  the presence of BUD. Even w ith  
excess thym idine, however, th e  y ie ld  of v iru s  subsequen tly  produced 
was le s s  than  th a t  produced when BUD was a b se n t. The excess of
TAB LE 4 .6
E f f e c t  o f N u c leo s id es  on the  E s ta b lish m e n t o f BUI)
I n h ib i t i o n .
/ -4  \V iru s  T i t e r  in  P resen ce  o f N u cleo sid es  (10 M. )
+ 10“% .  BUD (PFU /m l.x 105 )
Thymidine U rid in e  DeoxyUr. A denosine DeoxyAdenosine N il
130 4 16 3 4 4
C e lls  v/ere in f e c te d  and a l iq u o ts  o f c e l l  su sp e n s io n  i n ­
cu b a ted  i n  medium c o n ta in in g  BUD to g e th e r  w ith  v a r io u s  
n u c le o s id e s .  The v i r u s  t i t e r  was d e term ined  a f t e r  30
hours in c u b a tio n ,
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thym idine necessa ry  to  compete w ith  BUD was the same f o r  a l l  
le v e ls  of BUD. BUD was s t i l l  e f f e c t iv e  a t  5pM#
E f fe c t  of BUD on o th e r P o x v iru ses .
Exam ination of th e  r e s u l t s  of Simon’s experim ents (l96]J») 
re v e a ls  th a t  in  the presence of BUD a r e s t r i c t e d  amount of 
r e p l ic a t io n  must have taken  p lace  s in ce  the t i t r e  of v iru s  p re sen t 
a f t e r  in c u b a tio n  in  BUD was of the same o rd er as th a t  a t  the 
s t a r t .  When e i th e r  f lu o r o u r a c i l  o r am in o p te rin  was the in h ib i to r  
the t i t r e  was te n - fo ld  low er. The v iru s  used fo r  th ese  experim ents 
was ra b b itp o x  and s im ila r  r e s u l t s  were a p p a ren tly  ob ta ined  u sin g  
the W.R. s t r a i n .  Both of these  s t r a in s  produce u lc e ra te d  pocks 
on the  CAM whereas the s t r a i n  used in  the p re se n t s tudy  produced 
w hite (u) pocks. An experim ent was acco rd in g ly  c a r r ie d  out to  
t e s t  w hether the observed d iffe re n c e  in  in h ib i t io n  was due to  the 
d i f f e r e n t  s t r a in s  of v iru s  employed.
C e lls  were in fe c te d  w ith  th re e  v iru s  s t r a in s ;  RP-u+, IHD 
and V-MH. A fte r  removal of unadsorbed v iru s  the c e l l s  were 
incubated  in  medium co n ta in in g  BUD.Samples were taken  a t  the 
s t a r t  and end of in c u b a tio n  and the t i t r a t i o n  r e s u l t s  are  g iven  
in  Table 4*8*
I t  can be seen th a t  in  the  case of rab b itp o x  and IHD 
s t r a in s  (bo th  IT1" ty p e s)  the  v iru s  t i t r e  a t  the  end o f in cu b a tio n  
was s im ila r  to  th a t  a t  the  s t a r t .  The t i t r e  of V-MH in  c o n tra s t
TABLE 4.7
Competition between BUB and Thymidine
Thymidine
(pM)
Virus Titer (PFU/ml.x 10")
60 30 15
BUB (pM)
5 0
1000 55 47 60 52 200
100 1 2 12 105 200
10 1 1 1 1 200
0 1 1 1 l 200
Cells were infected and aliquots of the cell 
suspension incubated in medium containing various 
concentrations of thymidine and BUB. The virus titer 
was determined after 30 hours incubation.
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was decreased by 50 times at the end of incubation. There 
would thus appear to be a difference between strains with 
respect to the extent of BTJD inhibition.
DISCUSSION
When vaccinia-infected cells are incubated in the 
presence of BUD, the production of infectious virus is suppressed. 
With certain strains this suppression is complete, and following 
eclipse of the infecting virus the titre remains at a level 
approximately one fiftyth of that originally bound to the cells. 
With other strains, such as Rp-u+ and IHD, the titre after 
exposure is not decreased so that either a limited amount of 
replication has taken place in the presence of the inhibitor or 
else the input viral templates are conserved and subsequently 
matured. This might suggest differences in the mode of 
replication of strains or the extent of incorporation of the BU 
into the D1TA. The results of Simon (196I1J similarly reveal that 
whereas in the presence of 5-fluorouracil and aminopterin (which 
inhibit D1TA replication) the virus titre is reduced, in the 
presence of BUD, the final titre is similar to that at the start 
of the experiment.
The presence of FUD in the mixed inhibitor did not affect 
the inhibition produced and in several experiments FUD did not 
inhibit the multiplication of vaccinia virus. The reason for this
TABLE 4.8
Effect of BUD on the Multiplication of Other Poxviruses.
Virus Virus Titer (EPU/ml.x M O
a
t *= 1 t - 30
BUD Present
t = 30 
BUD Absent
Rp-u+ 7.2 2.4 300
IHD 1.2 1.2 250
V-MH 5.4 0.14 56
a. t = time (in hours) after addition of virus to the cell. 
Aliquots of cell suspension infected with RP-u+, IHD or 
V-MH strains of vaccinia and incubated in the presence 
or absence of 20pM. BUD for 30 hours. Samples taken for 
infectivity titration at the start and end of incubation.
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failure to inhibit is obscure since Salzman (i960) was able 
to demonstrate a complete a.nd immediate inhibition of DNA 
synthesis of vaccinia in HeLa cells using this analogue. Aminop- 
terin was also found to be ineffective and similar results were 
obtained by Herrmann (1961). It is concluded that a supply of 
thymidine is available somewhere in the system.
The results of kinetic experiments showed that vaccinia 
was blocked by BUD at a time which was two hours after the 
addition of virus to the cells for the first virus particles, and 
about 15 hours for the last particles. This is the period in the 
growth cycle during which initiation of infection and commence­
ment of DNA synthesis is occurring as judged by fluorescent 
antibody staining (Table 2) (see Easterbrook, 1961b). If BUD 
caused a complete block of DNA replication it would be expected 
that this would be apparent at about this time (Salzman, I960; 
Easterbrook, 1961b) and that virus which had commenced DNA 
synthesis before addition of BUD would be resistant and thus 
subsequently recognised in mature virus production. However, it 
is not until about 4 hours that the presence of '»infective DNA" 
can be detected. The kinetics of production of BUD-resistant DNA 
and of viral antigen are identical for the first 6 hours (cf.
Table 4*2 and Fig. 4#2) and since it is not possible to distinguish 
the time of appearance of viral antigen and infectious virus
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(Easterbrook, 1961b), it would appear that vaccinia DNA is 
not resistant to BUD until it has been isolated from the 
“replicating pool” by assembly. Viral D M  thus continues to 
replicate in the presence of BUD and becomes inactivated and non- 
inf ectious in the process. Since in other systems the base is 
incorporated into the D M  and in the present system there is 
strong competition between thymidine and BUD, this inactivation 
could be due to the formation of hybrid molecules or molecules 
substituted in both strands of the D M .
Although the production of infectious virus is inhibited 
in the presence of BUD, the synthesis of viral antigen takes 
place. The time at which antigen appears in cells is delayed 
and in some cells synthesis may not commence before the end of 
the experiment. The synthesis of antigen is associated with the 
production of viral particles (joklik, personal communication) 
but these particles are non-infectious and incapable of either 
reactivating heated virus (joklik, personal communication) or 
themselves being reactivated (Davern, personal communication).
Experiments involving in situ rescue have shown that 
there is an increase in the number of cells yielding virus with 
the pock character of the blocked-virus when such cells are 
superinfected with another poxvirus. The absolute increase in 
virus titre however is only slight so that it is inferred that the
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DM of th e  h lo c k e d -v iru s  i s  in  a  fo rm  i n  w hich i t  can  be on ly  
i n e f f i c i e n t l y  rescued«  Such a  r e s u l t  would n o t be s u r p r i s in g
i f  r e p l i c a t i o n  of the  v i r a l  DM h as o ccu rred  w ith  s u b s t i t u t i o n  
of BU m o le c u le s .
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SUMMARY
5-Bromodeoxyuridine inhibits the production of 
infectious virus in KB cells infected with vaccinia virus*
Viral antigen is synthesised in this system but the time of 
its appearance in cells is delayed.
Virus becomes sensitive to bromodeoxyuridine when DM. 
synthesis commences and the replicating DNA in an infected cell 
can be rendered non-infectious by the addition of bromodeoxy- 
uridine until the time that localization of viral antigen occurs.
Superinfection of cells containing blocked virus 
results in marker rescue.
Different poxviruses appear to differ in their 
susceptibility to bromodeoxy uridine.
Thymidine competitively interferes with bromodeoxy- 
uridine in the establishment of inhibition but once established, 
inhibition is irreversible.
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GENERAL DISCUSSION
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INHIBITORS AND GROWTH CYCIE STUDIES.
Numerous recent reviews have been written on the 
subject of virus inhibitors (Matthews and Smith, 1955; Horsfall, 
1955; 1959; Hurst and Hull, 1956; Tamm, 1956, 1958, I960; 
Horsfall and Tamm, 1957; Staehelin, 1959)« In the present 
study, inhibitors have been used as tools to investigate the 
virus growth cycle and discussion will accordingly be restricted 
to published work carried out along similar lines. The review 
of Horsfall (1959) is particularly relevant since this was 
written from the same view-point.
All viruses contain protein and nucleic acid (Knight, 
1954) and viral multiplication is essentially the biosynthesis 
and subsequent assembly of viral specific protein and nucleic 
acid. The synthesis of such abnormal components by the host 
cell occurs in response to information resident in the virus 
particle and is carried out at the expense of normal cellular 
synthesis. It is not difficult to see why virus infection has 
been described as “parasitism at the genetic level“.
The problems implicit in an understanding of viral 
multiplication are of fundamental importance in biology. Although 
not capable of providing the solution to these problems, the 
study of inhibitors does provide a limited amount of in­
fo imati on relating to the time sequence of such synthetic
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p ro c e sse s . In  the s h o r t  survey th a t  fo llo w s , an assessm ent 
w i l l  he made of the e x te n t to  which th is  approach has been 
u t i l i z e d  in  the a n a ly s is  of the  m u l t ip l ic a t io n  p ro cess . In  tu rn , 
c o n s id e ra tio n  w i l l  be g iven  to  in h ib i to r s  in te r f e r in g  w ith  the 
i n i t i a t i o n  of in f e c t io n ,  the s y n th e s is  of n u c le ic  a c id s , the 
sy n th e s is  of p ro te in  and the assem bly of v i r a l  components.
I n i t i a t i o n  of In fe c t io n
I n i t i a t i o n  of in f e c t io n  i s  here  d e fin ed  as the a c ­
q u is i t io n  of ex ecu tiv e  fu n c tio n  by the in f e c t in g  v iru s  p a r t i c l e .  
This may be a s s o c ia te d  w ith  a c tiv e  su p p re ss io n  of the sy n th e s is  
of h o s t components, or may be r e s t r i c t e d  to  the  a d d it io n  of 
v i r a l  s p e c i f ic  p a t te rn s  to  the e x is t in g  " tem plate  pool" in  the  
c e l l .
Only in  the  case of bacte rio p h ag e  T2 has a  study been 
made of the mechanism of i n i t i a t i o n .  Cohen (1948) showed th a t  
5-m ethy ltryp tophane in h ib i t s  bo th  p ro te in  and DNA sy n th e s is  in  
b a c te r ia  in fe c te d  w ith  T2 and th i s  suggested  th a t  p ro te in  sy n th e s is  
might be an e s s e n t i a l  p re re q u is i te  f o r  DM s y n th e s is .  Using 
amino a c id  analogues, Burton (1955) has shown th a t  i f  in h ib i t io n  
of p ro te in  s y n th e s is  i s  delayed fo r  more than  7 m inutes a f t e r  
in fe c t io n ,  phage DNA is  sy n th es ised  a t  a n e a r ly  normal r a t e ,  
whereas e a r l i e r  bo th  phage DNA and p ro te in  sy n th e s is  a re  in h ib i te d  
to g e th e r . S im ila r  r e s u l t s  were o b ta ined  when chloram phenicol
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was used as the inhibitor (lifelechen, 1955» Tomizawa and 
Sunakawa, 1956; Hershey and Melechen, 1957). In the presence 
of chloramphenicol, the destruction of the bacterial nucleus 
that normally precedes formation of the phage DM pool i s  
prevented.
The DM of phage T2 co n ta in s  an unusual b ase , hydroxy­
methyl cy to sin e  in  p lace  of the normal m ethyl cy to sin e  and the  
enzyme necessa ry  f o r  the sy n th e s is  of th i s  base i s  ab se n t from 
b a c te r ia l  c e l l s .  Im m ediately fo llo w in g  in fe c t io n ,  the sy n th e s is  
of normal c e l l u l a r  DM is  in h ib i te d  and the  necessary  enzyme 
fo r  the sy n th e s is  of phage DNA i s  induced. W ith the d is s o lu t io n  
of the b a c te r i a l  nucleus the phage genome ta k es-o v e r th e  d i r e c t io n  
of the p ro te in  sy n th e s is in g  mechanism and v i r a l  p ro te in  is  
th e r e a f te r  produced. Both the  in d u c tio n  of new enzymes (flaks 
and Cohen, 1958) and the  d is s o lu t io n  of th e  nucleus re q u ire  
p ro te in  sy n th e s is  so th a t  th e se  re a c tio n s , which a re  th e  d i r e c t  
r e s u l t  o f the assum ption of ex ecu tiv e  fu n c tio n  by the v iru s ,  
a re  in h ib i te d  by su bstances in te r f e r in g  w ith  the sy n th e s is  of 
p ro te in .
So f a r ,  excep t f o r  the T-even phages, no o th e r v iru se s  
have been  shown to  possess  novel bases in  t h e i r  n u c le ic  a c id , 
and w ith  th ese  the  p rocess o f i n i t i a t i o n  may involve only 
m o d if ica tio n  of enzyme system s a lread y  in  e x is te n c e . Thus i t
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would ap p ea r from  r e c e n t  work in  c e l l - f r e e  system s th a t  the  
enzymes s y n th e s is in g  DITA and RITA a re  n o n - s p e c if ic  and s o lu b le ,  
th e  b a se  o rd e r  b e in g  d e te rm in ed  on ly  by th e  "p rim er"  n u c le ic  
a c id .  The s y n th e s is  of v i r a l  n u c le ic  a c id s  i n  c e l l s  perhaps 
th e n  o ccu rs  a u to m a tic a l ly  once th e  te m p la te  has been  in tro d u c e d  
in to  th e  c o r r e c t  s i t e  i n  th e  c e l l .
On th e  o th e r  hand , the  s y n th e s is  o f v i r a l  p r o te in  may 
n e c e s s i t a t e  a  r e d i r e c t i o n  o f s y n th e t ic  mechanism. I n  b a c t e r i a ,  
th e  in fo rm a tio n  f o r  th e  s y n th e s is  o f a  p a r t i c u l a r  p r o te in  i s  
c a r r i e d  from  the DITA to  ribosom es by a  l a b i l e  '‘m essenger" RITA.
On in f e c t io n ,  the m essenger RITA system  i s  ta k e n -o v e r  and th e se  
m o lecu les  c a r ry  in s te a d  phage in fo rm a tio n  (B ren n er, Jacob  and 
M eselson , 1961). I f  p r o te in  s y n th e s is  p roceeds a lo n g  s im i la r  
l i n e s  i n  mammalian c e l l s  th e n  i n i t i a t i o n  o f i n f e c t io n  must 
in v o lv e  a  s im i la r  ta k e -o v e r .
W ith  an im al v i ru s e s  th e  on ly  s tu d ie s  in  w hich the  
a c t io n  of i n h i b i to r s  has been  l in k e d  w ith  th e  i n i t i a t i o n  p ro cess  
i s  th e  i n h i b i t i o n  o f v a c c in ia  m u l t ip l i c a t io n  by a z id e  (p a p e r  2 
of t h i s  t h e s i s ) .  I n i t i a t i o n  must be an  a n a b o lic  p ro c e s s  so  
t h a t  i t  may be in h i b i t e d  by a g e n ts  t h a t  i n t e r f e r e  w ith  th e  supp ly  
of energy  in  th e  c e l l .  I n  th e  p resen ce  of a z id e  i t  ar>pears 
th a t  th e  breakdow n of th e  v iru s  in t o  i t s  components occu rs  and 
th e  v i r a l  genome i s  s t a b i l i z e d  in  a  p o t e n t i a l l y  a c t iv e  form  unable
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to  proceed f u r th e r  w ith  i t s  m u l t ip l ic a t io n .  As w e ll as 
in h ib i t in g  DM sy n th e s is , az id e  a ls o  in h ib i t s  a r e a c t io n  th a t  
i s  e s s e n t i a l  f o r  th e  subsequent p ro d u c tio n  of v i r a l  a n tig e n . 
K in e tic  a n a ly s is  o f a z id e - in h ib i t io n  has shown th a t the v iru s  
i s  s e n s i t iv e  to  in h ib i t io n  from the tim e of e c l ip s e ,  o r shortly 
a f te rw a rd s , u n t i l  2 hours befo re  the  time when d e te c ta b le  
amounts of a n tig e n  a re  produced in  the c e l l s .  This p e riod  i s  
of s h o r te r  d u ra tio n  in  c e l l s  th a t  a re  m u ltip ly - in fe c te d  s in ce  
a n tig e n  i s  produced e a r l i e r  in  th e se . The end of the a z id e - 
s e n s i t iv e  s tag e  d iv id es  a  time p erio d  of v a r ia b le  d u ra tio n  from 
one th a t  is  o f c o n stan t d u ra tio n  in  a l l  c e l l s .  The i n i t i a t i o n  
re a c t io n  d esc rib ed  by C airns (i960) possesses the same c h a ra c te r ­
i s t i c s  so th a t  i t  seems lo g ic a l  to  assume th a t  az id e  b locks 
the i n i t i a t i o n  re a c t io n .  U n fo rtu n a te ly , no in fo rm atio n  is  
ob ta in ed  r e l a t i n g  to  the n a tu re  of the re a c t io n , s in c e , as w ell 
as in h ib i t in g  DM and the in d u c tio n  of p ro te in  s y n th e s is , az id e  
may in h ib i t  o th e r unknown re a c tio n s  a ls o  re q u ir in g  energy . I t  
must be remembered th a t  v a c c in ia  i s  a  D M -con tain ing  v iru s  th a t  
m u ltip l ie s  in  the cytoplasm a so th a t  th e  necessa ry  enzymes f o r  
DM sy n th es is  may n o t be a v a ila b le  to  i t .  I n i t i a t i o n  could 
then  in v o lv e , as in  phage in f e c t io n ,  the  in d u c tio n  of such 
enzymes. I f  az id e  i s  removed from an in h ib i te d  system  i n i t i a t i o n  
does no t subsequen tly  occur, b u t s u p e r in fe c t io n  of the c e l l  w ith
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a related poxvirus, results in the appearance of progeny with 
a marker characteristic of the azide-blocked virus. It is 
conceivable that initiation involves a labile component which 
is lost in the presence of azide and the residual virus unit 
is able to act as a template only when another virus has set 
the necessary synthetic machinery in motion.
It seems probable that interferon (Isaacs and Lindemann, 
1957) niay also inhibit the initiation of infection. This non- 
viral substance, which is thought to be responsible for hetero­
logous viral interference, inhibits the multiplication of 
influenza virus at a stage that precedes the production of 
soluble antigen. Recently Isaacs et al. (1961) have suggested 
that interferon acts as an uncoupler of oxidative phosphorylation 
in the nucleus, thus preventing the synthesis of the energy 
essential for viral synthesis. In this respect interferon 
would appear to mimic the azide-inhibition of vaccinia virus 
multiplication. Although preincubation of cells with interferon 
is required to block the multiplication of subsequently added EEE 
virus completely, interferon is also significantly effective 
even when added at 4 hours after infection (Wagner, i960). As 
with the blocking of vaccinia virus, this may indicate that there 
is marked asynchrony in the time of initiation of EES in different
cells of a populefcion
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The S y n th e s is  o f V ir a l  Components 
Because d e te c t io n  o f th e  s y n th e s is  o f s p e c i f i c  v i r a l  
components i s  d i f f i c u l t ,  m ost w orkers have a ssay ed  v i r a l  
i n h i b i t i o n  on ly  i n  term s o f i n f e c t i v i t y .  The e x a c t  mode of 
a c t io n  o f s e v e r a l  o f the  i n h i b i to r s  to  be m entioned h e re  i s  
th e re fo re  u n c e r ta in  and th e  c l a s s i f i c a t i o n  ad op ted  h e re  may 
su b se q u e n tly  prove to  be i n c o r r e c t .  S ince  th e  norm al sequence 
of in fo rm a tio n  t r a n s f e r  i s  th o u g h t to  be DM — RM — p r o te in ,  
su b s ta n c e s  i n h i b i t i n g  one component a re  l i k e l y  a l s o  to  a f f e c t  
in  v a ry in g  deg ree  th e  p ro d u c tio n  of l a t e r  components i n  th e  
seq u en ce . I n t e r p r e t a t i o n  of r e s u l t s  w ith  in h i b i to r s  i s  thus 
made d i f f i c u l t .
N u c le ic  A c id s . S p e c if ic  a t t a c k  a g a in s t  th e  n u c le ic  a c id  
m etabolism  o f the  v i r u s - in f e c te d  c e l l  has been a tte m p te d  w ith  
a  number o f s t r u c t u r a l  an a lo g u es  of th e  p u rin e  and p y r in id in e  
b a s e s .  I f  such  an alo g u es p o sse ss  th e  same s p a t i a l  c o n f ig u ra t io n  
as th e  norm al base  th ey  may be in c o rp o ra te d  in to  th e  n u c le ic  
a c id  m olecule d u r in g  s y n th e s is  w ith  th e  con seq u en t p ro d u c tio n  
of n o n - fu n c tio n a l  m o le c u le s . O ther an a lo g u es  may p re v e n t the  
in c o rp o ra t io n  of th e  norm al base by b lo c k in g  an  e s s e n t i a l  enzyme. 
D eo x y rib o n u c le ic  A cid . The p o s s i b i l i t y  t h a t  DNA m ight be a
p r e r e q u i s i te  to  th e  r e p l i c a t i o n  of th e  RNA o f an im al v iru s e s  was
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in v e s tig a te d , by Simon ( l9 6 l )  u s in g  a  number of known DNA 
i n h i b i t o r s ;  a m in o p te r in , 5 - f lu o r o u r a o i l  and 5 -N ro m o u rac il.
No e f f e c t  co u ld  be d e te c te d  on th e  v i r u s  y ie ld  o r l a t e n t  p e rio d  
o f th e  R N A -containing v i r u s e s ,  p o l io v iru s  and N ew castle d is e a se  
v i r u s .  I n h ib i to r s  o f DNA s y n th e s is  a re  th u s  l i k e l y  to  be 
s p e c i f i c  to  v i ru s e s  c o n ta in in g  t h i s  s p e c ie s  o f n u c le ic  a c id ,
A m inop terin  and 5“f lu o ro d e o x y u r id in e  b lo c k  th y m id y lic  
a c id  s y n th e s is  and th e se  compounds i n h i b i t  th e  m u l t ip l i c a t io n  of 
v a c c in ia  v i r u s  (Salzm an, I960 ; Simon, 1961). Salzm an has used 
the  l a t t e r  to  d e term in e  th e  k in e t i c s  o f v a c c in ia  v i r u s  DNA 
s y n th e s is  in  He La c e l l s .  The p resen ce  o f sy n th e s iz e d  DNA i s  
d em o n stra ted  on su b se q u e n t in c o rp o ra t io n  in to  m ature v iru s  
p a r t i c l e s .  A d d itio n  of the  i n h i b i t o r  a t  any time l a t e r  th a n  
ab o u t 2 h o u rs  a f t e r  th e  a d d i t io n  of v i r u s  a llo w s th e  s y n th e s is  
o f an  in c r e a s in g  amount o f DNA, as  judged  by su b se q u en t m a tu ra tio n . 
A d d itio n  l a t e r  th a n  6 .5  h o u rs  has no e f f e c t  on th e  u lt im a te  v iru s  
y ie ld  so  th a t  IN A s y n th e s is  has ceased  by t h i s  tim e . The 
s y n th e s is  of DNA was found  to  p recede th e  p ro d u c tio n  of m ature 
in f e c t io u s  v iru s  by s e v e r a l  h o u rs .  The i n h i b i t o r  causes an
14im m ediate b lo c k  in  the  in c o rp o ra t io n  of u r id in e -2 -C  in to  DNA 
thym ine b u t does n o t i n h i b i t  RNA o r p r o te in  s y n th e s is  a lth o u g h  
th e  r a t e  o f th e se  sy n th e se s  i s  red u ce d .
The r a d iu s  o f th e  brom ine atom  i s  ab o u t th e  same a s  th e
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r a d iu s  o f th e  m ethyl g roup , and b ro m u ra c il can he in c o rp o ra te d  
in to  DNA in  p la c e  o f 'thym ine. A d d itio n  of 5~hrom odeoxyuridine 
(BUDR) to  c e l l s  in f e c te d  w ith  v a c c in ia  v iru s  a l s o  r e s u l t s  in  
i n h i b i t i o n  of in f e c t io u s  v iru s  p ro d u c tio n  (P aper 4 o f t h i s  t h e s i s ) .  
T h is  compound does n o t i n h i b i t  DNA s y n th e s is  b u t  in s te a d  re n d e rs  
e x i s t i n g  f r e e  v i r a l  DNA n o n - in f e c t io u s ,  presum ably  by th e  
fo rm a tio n  of h y b rid  m o le c u le s . The s y n th e s is  o f  v i r a l  a n t ig e n  
p roceeds i n  th e  p resen ce  of BUDR b u t th e  tim e o f ap pea rance  of 
a n t ig e n  in  c e l l s  i s  d e la y e d .
The s y n th e s is  o f n u c le ic  a c id  r e q u i r e s  th e  p resen ce  o f 
a l l  the n u c le o t id e s  i n  th e  form o f th e  t r ip h o s p h a te s  and th e se  
a re  formed under the  a e g is  o f  ATP. Sodium a z id e  i s  a b le  to  
i n h i b i t  th e  s y n th e s is  of ATP and th u s  the  s y n th e s is  of n u c le ic  
a c id .  K in e t ic  a n a ly s i s  o f th e  i n h i b i t i o n  of v a c c in ia  m u l t i ­
p l i c a t i o n  by a z id e  has shown th a t  i t  i s  due in  p a r t  to  in h i b i t i o n  
o f DNA s y n th e s is  and th a t  s y n th e s is  o f t h i s  component commences 
two h o u rs  a f t e r  the a d d i t io n  of v i r u s  to  c e l l s  and c o n tin u e s  
th ro u g h o u t th e  grow th c y c le ,  DNA s y n th e s is  p rece d es  the  d e t e c t ­
a b le  p ro d u c tio n  o f v i r a l  a n t ig e n  by two h o u rs .
R ib o n u c le ic  A cid . RNA i s  p re s e n t  in  most c e l l s  in  b o th  th e  
n ucleus  and th e  cy to p la sm . Even in  n o n -d iv id in g  c e l l s ,  th e re  
i s  a  c o n s ta n t  in c o rp o ra t io n  of phosphorus and bases  a t  a p p re c ia b le
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rates into RNA although there is no net increase in the amount 
present. If an analogue of an RNA component is present it is 
probable that it will be incorporated both into the host RNA 
and into any viral RNA that may be synthesised. Substances 
interfering with RNA are thus likely to also affect protein 
synthesis as well as the synthesis of viral RNA.
This interference with host RNA metabolism could result
Iin an indirect inhibition of multiplication of DNA-containing 
viruses,
a) Benzimidazoles. Unsubstituted benzimidazole has been shown 
to be active against a number of viruses including MEF-1 polio­
myelitis virus in tissue culture (Brown, 1952) and Theiler's GD VII 
virus (Rafelson, et al. 1950).
Tamm and his co-workers have investigated this group 
of compounds extensively over the last few years as possible 
selective inhibitors of nucleic acid metabolism. The derivative 
with which most work has been done is the 5>6-dichloro-l-y£- D-ribo- 
furanosyl benzimidazole but other derivatives merit attention and 
these will also be discussed.
6-Dichloro-l-^-D-ribofuranosylbenzimidazole (DRB). This com­
pound was synthesised during a systematic investigation of the 
inhibitory activity of glycosides of benzimidazoles in relation 
to their chemical structure (Tamm et al., 1954)» The structure
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of this derivative is closely similar to that of a-ribazole, 
a moiety of vitamin B and also of adenosine, and this suggested 
that DRB might act by interfering with nucleic acid metabolism.
It was subsequently shown that, at concentrations inhibiting 
viral multiplication, DRB inhibits the incorporation of adenosine- 
3_C^4 into the RNA of the chorioallantoic membrane (Tamm, 1957)* 
This inhibition is blocked by adenosine when the inhibitor 
concentration is low but is unaffected by guanosine. Moreover,
DRB inhibits the incorporation of orotic acid-C^ into the RNA. 
of isolated nuclei (Allfrey et al., 1957) and blocks further 
synthesis. The incorporation of thymidine into the DBA of 
isolated nuclei is hardly affected (Allfrey, 195^)* The precise 
mechanism whereby DRB inhibits the incorporation of RNA pre­
cursors into RNA is uncertain (Tamm et al., i960).
The results obtained in experiments on the effect of 
DRB on protein synthesis are variable. Thus Tamm (Tamm, 1957>
Tamm et al., i960) report little or no inhibition in either CAM or 
monkey-kidney cells whereas in isolated nuclei, the incorporation 
of isotopic alanine is reduced by 48^. The results of Allfrey 
et al. (1957) however demonstrate that the synthesis of protein 
in the nucleus is dependent on the previous synthesis of RNA 
and that whereas RNA synthesis can be inhibited at any time by
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DRB, protein synthesis is unaffected once the necessary RNA 
synthesis has occurred. It seems likely that the lack of 
effect of DRB on protein synthesis in the membrane is due to the 
fact that the associated host R M  is already present in the 
cells (Tamm, 1959)*
DRB inhibits the multiplication of influenza B virus 
markedly when added at 1 or 2 hours but has little or no effect 
at 3 hours after addition of the virus (Tamm and Tyrrell, 1954)*
In the system used, chorioallantoic membrane in vitro, the latent 
period is about three hours. The production of soluble complement­
fixing antigen is inhibited at 30 minutes but not after 1 hour.
The compound does not inactivate influenza virus in vitro nor 
does it interfere with the adsorption and release of virus. At 
concentrations causing 99?o inhibition of multiplication, DRB does 
not affect membrane proliferation (Tamm et al., 1954» Tamm, 1958a)« 
These results suggest that the reactions involving R M  metabolism 
which are needed for viral multiplication are completed by the 
time new virus particle appear. The effect of DRB on the 
production of complement-fixing antigen parallels its effect on 
the synthesis of nuclear proteins (Allfrey et al#, 1957) so that 
it may be that with influenza infection there is an early 
synthesis of nuclear HNA that must occur before viral protein can
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be synthesised. The two viral components, nucleic acid and 
protein, may then be produced independently.
Poliovirus multiplication is also inhibited by DRB in 
monkey-kidney cells in vitro (Tamm and Nemes, 1957) when the 
inhibitor is added at 2 hours after the virus. Little or no 
effect is produced if addition is delayed until 4 hours which 
is the end of the latent period of polio in these cells (Lwoff 
et al., 1955). Any departure from the £ -D-ribofuranoside 
structure in the carbohydrate moiety of glycosides of benzimidazole 
reduces the inhibitory activity. In the case of polio, however, 
DRB is no more selective than the unsubstituted benzimidazole and 
the only compound showing increased selectivity is the 5»6-dich- 
loro-D-arabinoside. It would thus appear that the selectivity of 
the inhibitors is not determined by the nature of the virus 
nucleic acid. DAB delays the development of cytopathic changes 
but does not protect the cells against ultimate destruction.
Conversion of chlorinated benzimidazoles to corres­
ponding 4 -D-ribofuranosides does not increase their inhibitory 
activity on vaccinia virus multiplication (Tamm and Overman, 1957)« 
The chlorinated compounds, however, are considerably mare active 
against vaccinia than against influenza, and Tamm et al. (i960) 
suggest that failure to increase the activity by conversion could
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be due to the already high activity of the parent compounds.
Another DNA-containing virus, adenovirus, is also inhibited by 
DRB (Tamm et al., i960) and this emphasises the fact that DRB 
is not primarily active against the replicating nucleic acid of 
the virus. Since this compound apparently functions as an 
inhibitor of ENA synthesis the inference is that it is active 
against the host RNA metabolism at some point (Tamm and Bablanian, 
i960) and that DNA-containing viruses are dependent on cellular 
RNA metabolism*
2,5-Dimethylbenzimidazole (MB). This compound was one of the 
first investigated by Tamm (Tamm et al., 1953» Tamm and Tyrrell, 
1954)* It is considerably less selective and active than DEB 
and the processes which it inhibits in the infected cell extend 
for a longer period. Influenza B virus multiplication is markedly 
inhibited when MB is added at 2 or 3 hours and definite inhibition 
is still observed when addition is delayed until 4 or 5 hours 
after the virus. The production of soluble complement-fixing 
antigen can be inhibited throughout the whole of this period.
The later the compound is added during the latent period, the 
smaller is the inhibitory effect on both virus multiplication and 
the production of soluble antigen (Tamm and Tyrrell, 1954)*
Unlike DEB (Tamm et al., 1954)» MB does not produce an irreversible
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alteration in the host cells and prolonged exposure of cells 
to the compound does not diminish their capacity to support 
virus multiplication when the inhibitor is removed (Tamm et al., 
1952).
The difference in the mode of action of MB and DRB is 
indicated by the fact that whereas the dimethyl derivatives of 
benzimidazole are active inhibitors of glycine incorporation in 
staphylococcal cells, substitution of a£ -D-ribofuranosyl group 
largely abolishes the effect (Gale and Folkes, 1957).
5.6-Pichloro-l-°i-D-arabinopyranosylbenzimidazole (DAB). This 
compound, mentioned above, has been found to be more selective as 
an inhibitor of poliovirus multiplication in monkey-kidney cells 
than the unsubstituted compound (Tamm and Nemes, 1957). The 
action is less specific than DRB in that inhibition is still 
effective when M B  is added 5 hours after the virus, DAB 
interferes with the synthesis of RWA in monkey-kidney cells but 
also markedly interferes with the synthesis of protein (Kernes 
and Tamm, 1958)*
The derivatives of benzimidazole thus possess a very 
broad spectrum of activity. Wot only are certain derivatives 
active against widely differing viruses but different derivatives 
may be active against different stages of multiplication when 
tested against the same virus. Even with DRB, which appears to
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be the most specific in its action since it differentially 
inhibits the production of soluble antigen and the multiplication 
of virus (Tamm and Tyrrell, 1954)» inhibition is not complete 
and virus production occurs after a delay. The results of 
Eggers and Tamm (1961) would suggest that this might be due in 
some part to the presence of particles of increased resistance.
b) Ribonuclease. It might be expected that the multiplication 
of RNA-containing viruses would be affected by the presence of 
ribonuclease. Le Clerc (1956) has shown that 0*1-0.7 mg/ml, RNAase 
inhibits the multiplication of influenza virus by 99?o when added 
v/ithin 2 hours of the virus. No effect can be detected on the 
incorporation of labelled amino acids into proteins but the 
uptake of adenine-C^ is much reduced. She suggested that the 
enzyme acts against the free nucleic acid of the virus. Inhibition 
of influenza multiplication was confirmed by Burnet et al., (1957) 
and Tamm and Bablanian (i960). The latter workers, however, 
could only demonstrate Q2fo inhibition when RNAase is added at 
the same time as the virus and the enzyme is active even when 
given as late as 24 hours.
Brown and Stewart (i960) have shown that the RNA of 
foot-and-mouth disease virus exists for some time in the free 
state before it is incorporated into virus particles. With this
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v iru s  th e re  i s  an i n i t i a l  la g  phase of about 1 ,5  hours from 
the end of ad so rp tio n  befo re  the i n f e c t iv i t y  beg in s  to  r i s e .  
T reatm ent of in fe c te d  c e l l s  -with phenol d u rin g  the la g  phase 
y ie ld s  in fe c t iv e  RM u su a lly  about 0 .2 5 -0 .5  hours b e fo re  the 
v iru s  t i t r e  s t a r t s  to  r i s e .  A ll the in f e c t iv e  RM p re sen t a t  
th i s  time is  s e n s i t iv e  to  R M ase. W ith the  appearance of 
complete v iru s  th e re  i s  a decrease  in  the p ro p o rtio n  of f r e e  ENA. 
During the 4-hr. p e rio d  when the v iru s  t i t r e  i s  r i s in g  about 80-  
90fo o f the  RM i s  s t i l l  s e n s i t iv e  to  KNAase. A fte r  9 hours a l l  
the RM is  r e s i s t a n t  to  R M ase.
I t  seems th a t  in  some v iru s  in f e c t io n s ,  v i r a l  components 
a re  p re se n t in  the  c e l l  in  a f r e e  s ta t e  f o r  some time before  
they a re  in c o rp o ra te d  in to  mature p a r t i c l e s ,  and in  the f r e e  
s t a t e  they  a re  p o te n t ia l ly  su sc e p tib le  to  enzymic d e g ra d a tio n .
R ibonuclease d i f f e r s  from o th e r  enzymes such as DNAase in  th a t  
i t  i s  taken  up and can e n te r  l iv in g  c e l l s .  In  the case of p o lio ­
v iru s  in fe c t io n ,  however, a t  no time i s  th e re  a la rg e  amount 
of f r e e  RM p re se n t (D arne ll e t  a l , ,  1961),
R ibonuclease a lso  has an in d i r e c t  e f f e c t  on v i r a l  
m u l t ip l ic a t io n  through a c t io n  on th e  h o s t RNA system . Thus 
v iru se s  such as v a c c in ia  and herpes whose n u c le ic  a c id  i s  of the  
deoxy v a r ie ty  a re  in h ib i te d  to  a  c e r ta in  e x te n t by substances 
in te r f e r in g  w ith  RM tu rn o v e r or s y n th e s is .  This may w ell be due
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to disturbance in the function of soluble low molecular weight 
RNA (Tamm and Bablanian, i9 6 0) in protein synthesis, since it is 
known that there is an increase in the rate of turnover of 
soluble RNA following infection with some viruses e.g. vaccinia 
(joklik, 1958) and that, in the case of vaccinia, the period 
of increased turnover corresponds with the period of antigen 
production (Paper 1 of this thesis).
c) Thiouracil. Multiplication of influenza virus is inhibited 
by 2-thiouracil (Amos and Vollmayer, 1958)» Haemagglutinin 
production is still affected as late as 16 hours after infection.
The effect is reversed by uracil completely up to 8 hours after 
addition of the virus but not at all after 10 hours. These 
workers have shown that there is an increase in the incorporation 
of guanine-C^ and ^ P -  phosphor us into the RNA of cells after 
infection and that this incorporation is inhibited by the presence 
of thiouracil. It was noted that the ratio of infectivity to 
haemagglutinin was 50$ lower in the presence of thiouracil so 
that incorporation of thiouracil may have occurred in to the RNA 
of the virus with the consequent production of non-infeetious 
particles.
Complete suppression of the growth of poliovirus in 
monkey-testicular cultures for up to 12 days is similarly produced 
by thiouracil and other substituted pyrimidines (Knox et al., 1957)*
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Protein,
The presence of an amino acid analogue prevents the 
incorporation of all amino acids including the homologue into 
the proteins of bacteria (Halvorson and Spiegelman, 1952). In 
Ehrlich ascites tumour cells, thienylalanine, o-fluorophenyl- 
alanine and ethionine act as competitive substrates rather than 
inhibitors of protein synthesis. These amino acids are incorpo­
rated into the protein and do not inhibit the incorporation of 
amino acids other than their corresponding metabolites into 
proteins (itabinovitz, Olsen and Greenberg, 1954). o-methyl- 
threonine, however, inhibits the incorporation of other amino 
acids as well as its competitive substrate, isoleucine. Thus two 
modes of action of analogue antagonists can be detected, one of 
which involves incorporation of the analogue into protein. It 
depends on the extent of incorporation and the particular 
antagonist whether the resulting protein is still biologically 
active.
a) Methoxinine. This amino acid analogue inhibits the multi­
plication of influenza A virus in surviving chorioallantoic 
membranes (Ackermann, 1951). Virus multiplication is completely 
inhibited when "the compound is added at 1 or 2 hours, while no 
effect is observed at 6 hours. Partial inhibition is produced 
by addition at 3 or 4 hours (Ackermann and Maassab, 1954). The
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compound i s  most e f f e c t i v e  d u r in g  th e  f i r s t  tw o - th i rd s  of th e  
l a t e n t  p e r io d  b u t has some in h i b i to r y  e f f e c t  d u r in g  th e  l a s t  
t h i r d .  The in h ib i to r y  e f f e c t  i s  b lo ck ed  by L -m eth ionine b u t 
n o t by D -m eth ionine and t h i s  su g g e s ts  th a t  L -m ethionine is  
in v o lv e d  in  th e  b io s y n th e s is  o f in f lu e n z a  v i r u s  (Ackermann, 1951)* 
b) p -F lu o ro p h e n y la la n in e  (FPA). FPA i n h i b i t s  th e  m u l t ip l i c a t io n  
o f p o l io v ir u s  a t  an  e a r ly  s ta g e  and th i s  i n h i b i t i o n  i s  co m p le te ly  
re v e r s e d  by the a d d i t io n  of the hom ologue, p h e n y la la n in e  
(Ackermann, Rabson and K u rtz , 1954)* S u p p re ss io n  of m u l t ip l ic a t io n  
i s  com plete  only  when the i n h i b i t o r  i s  added a t  1 or 2 hours a f t e r  
th e  v i r u s  and FPA has no e f f e c t  when added a f t e r  4 o r 5 h o u rs . 
A lthough  th e  compound in h i b i t s  th e  m u l t ip l i c a t io n  of p o l io v i r u s ,  
i t  does n o t a f f e c t  e i t h e r  th e  tim e o f  ap p ea ran ce  o r  the  s e v e r i t y  
o f the  c y to p a th ic  e f f e c t s  produced by p o l io  v iru s  in  t i s s u e  
c u l tu r e .  Ackermann e t  a l .  ( 1954) concluded  th a t  th e  p ro c e sse s  
le a d in g  to  v i r a l  in c re a s e  and c e l l u l a r  in ju r y  p o sse ss  a  c e r t a in  
deg ree  o f autonom y.
The e f f e c t  o f FPA on the m u l t ip l i c a t io n  o f in f lu e n z a  
v i r u s  was in v e s t ig a te d  by Ackermann and Maassab (1955) and compared 
w ith  t h a t  of m e th o x in in e . Some d if f e r e n c e  was observ ed  in  th e  
b e h a v io u r of th e se  two an a lo g u es  and  i t  was su g g e s te d  th a t  two 
r e a c t io n s  sire o c c u r r in g  in  th e  l a t e n t  p e r io d  of in f lu e n z a
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multiplication. The first of these begins early in the latent 
period and is inhibited by methoxinine and not by FPA; the 
second is sensitive to FPA and not to methoxinine. The latter 
reaction cannot proceed unless the first reaction is occurring 
or has operated for some prior interval. The results showed 
that FPA is 93$ effective up to 4 hours while methoxinine is only 
partially effective (7y/o) at this time ; both are ineffective 
after 7 hours. Similarly whereas removal of FPA results in an 
immediate rise in the titre of infectious virus, there is a 2 
hour lag after removal of methoxinine before a similar rise is 
apparent. They suggested that these inhibitors may differentially 
inhibit nucleic acid and protein synthesis. The product of the 
FPA sensitive reaction according to Uhlendorf (1957) is a non- 
haemagglutinating viral antigenic material whose conversion to 
haemagglutinating material cannot proceed in the presence of the 
inhibitor.
Fowl plague virus is closely related to influenza virus 
and the effect of FPA on this virus has been investigated in 
detail by Zimmermann and Schäfer (i960). They were able to 
demonstrate the existence of several discrete steps in the 
multiplication of this virus on the basis of susceptibility to 
the inhibitor. When FPA is added before or within one hour of
1— — *
infection no detectable viral antigenic material is produced
108
although the virus is eclipsed in the cell in the normal fashion. 
The production of S-antigen proceeds normally when FPA is added 
2 hours after infection but the production of haemagglutinin and 
infectious virus is completely suppressed. Addition of FPA 
between 3 and 6 hours after infection results in a diminishing 
inhibition of haemagglutinin and infectious virus production.
FPA inhibits the multiplication of WEE virus (Wecker 
and Schonne, 1961) and the situation was investigated to determine 
whether RNA synthesis was dependent on the prior synthesis of 
protein. It was found that FPA inhibits the formation of 
infective RNA but that synthesis can be interrupted even when 
initiated. Thus continued protein synthesis is essential for 
continued RNA synthesis and this suggested that the synthesis of 
these components is related and actually dependent on each other. 
Under conditions of complete inhibition of RNA synthesis, the 
incorporation of lysine-C'^ into proteins is only decreased to 
about at the most. There appears to be a rapid exchange of 
unlabelled phenylalanine for FPA when the inhibitor is removed 
and it was suggested that FPA may not be incorporated in the 
normal manner.
It was similarly observed with foot-and-mouth disease 
virus that FPA inhibits the synthesis of infective RNA even when
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added immediately before the commencement of maturation (Brown 
et al., 1961). Inhibition is thus not directed against pre- 
nucleic acid synthesis enzyme induction. These workers suggested, 
as did Wecker and Schonne (l96l), that the synthesis of protein 
and RNA may well be intimately coupled as has often been 
postulated (Chantrenne, 1956)*
Assembly and life duration.
Three classes of substances have been described which 
are able to interfere with the production of infectious virus 
without concomittant interference with the synthesis of viral 
components. These are the acridines and thiosemicarbazones as 
exemplified by proflavine and isatinyö-thiosemicarbazone, and 
certain substituted benzimidazoles*
Acridines. The mode of action of this group of compounds has 
been extensively investigated only with bacteriophage and since 
it is probable that inhibition of animal viruses will be along 
similar lines the effect on phage will be considered in detail. 
Phages differ in their susceptibility to inhibition and while 
certain of them are differentially inhibited, others are affected 
only at concentrations which also affect the host cell.
Sensitivity to the acridines is a genetically determined 
character and sensitive phages can mutate to resistant forms 
(Poster, 1948)*
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The a c t i v i t y  of f re e  phage and i t s  a d so rp tio n  to  
b a c te r ia  a re  no t a f fe c te d  by p ro f la v in e . ly s i s  occurs a f t e r  
the  u su a l p e rio d  b u t no in fe c tio u s  p a r t ic le s  a re  found in  th e  
ly s a t e .  When p ro flav in e  i s  added in  th e  second h a l f  of the 
l a t e n t  p e rio d  or l a t e r  the b u rs ts  y ie ld  only those p a r t i c le s  
th a t  had matured b efo re  the in h ib i to r  was added (F o s te r , 1948).
ly s a te s  ob ta ined  in  th e  presence of p ro flav in e  c o n ta in  
empty phage heads ("doughnuts*’) which co n ta in  su lphu r and phage- 
s p e c i f ic  com plem ent-fixing a n tig e n s  bu t no DNA (DeMars, L u ria , 
F ish e r  and L ev in th a l, 1953)* The a n tig e n  which combines w ith  
n e u tr a l iz in g  an tibody  is  a ls o  p re s e n t, as i s  DM c o n ta in in g  
hydroxy-m ethyl cy to sin e  (DeMars, 1955) and t a i l  p in s  (K ellenberger 
and Sechaud, 1957)» The sy n th e s is  of v i r a l  components thus 
proceeds in  the presence of p ro f la v in e  b u t th ese  components a re  
no t assem bled in to  mature phage p a r t i c l e s .
The in te r a c t io n  of a c r id in e  m olecules w ith DM has 
r e c e n t ly  been in v e s t ig a te d  in  d e t a i l  by Lerman (1961) and i t  is  
in fe r r e d  from the r e s u l t s  th a t  a c r id in e  m olecules a re  i n te r -  
c a lc u la te d  between ad jacen t n u c leo tid e  p a ir  la y e rs  by ex ten s io n  
and unwinding- of the deoxyribose-phosphate backbone. Such in ­
c o rp o ra tio n  m i^ it be expected to  a l t e r  the  r e a c t iv i t y  of the DNA 
and i t  was observed by DeMars (1955) th a t  p ro f la v in e  e x e r ts  a
I l l
mutagenic e f f e c t  on b ac te rio p h ag e . Whether o r not the DM. 
i s  rendered  u n su ita b le  c o n f ig u ra t io n a lly  f o r  assem bly in to  
phage p a r t i c l e s  by such in c o rp o ra tio n  would presumably depend 
on the e x te n t of in c o rp o ra tio n .
E s s e n t ia l ly  s im i la r ,  a lthough  le s s  d e ta i le d ,  r e s u l t s  
have been ob tained  w ith anim al v i ru s e s .  When Heia c e l l s  a re  
in fe c te d  w ith  p o lio v iru s  and then  im m ediately t r e a te d  w ith  p ro ­
f la v in e  the  c e l l s  undergo mass d eg en e ra tio n , comparable to  th a t  
of u n tre a te d  in fe c te d  c e l l s ,  bu t the p a r t ic le s  re le a se d  a re  non- 
in fe c tio u s  (Ledinko, 1958)* These p a r t i c le s  a re  m orpholog ically  
in d is tin g u is h a b le  from norm al v iru s  (Ledinko, 1958» Horne and 
Nagington, 1959) and f i x  complement w ith  s p e c i f ic  hyperimmune 
serum. I f  p ro f la v in e  i s  added to  c e l l s  when a la rg e  amount of 
i n t r a c e l lu la r  v iru s  i s  p re s e n t, f u r th e r  p ro d u c tio n  is  alm ost 
com pletely in h ib i te d .  A s im ila r  in h ib i t io n  of in fe c t io u s  p o lio ­
v iru s  p roduction  lias been re p o r te d  by Brown (1952) and Dulbecco 
and Vogt (1958).
S ch a ffe r ( i9 6 0 ) has shown th a t  a lth o u g h  p ro flav in e  can­
no t a t ta c h  to  mature p o lio v iru s  p a r t i c l e s ,  i t  can be in co rp o ra ted  
in to  the v iru s  p a r t i c l e  d u rin g  i t s  developm ent. Crowther and 
Melnick (1961) have re p o r te d  id e n t ic a l  r e s u l t s  using a c r id in e  
orange and n e u tra l  re d  and they co n sid e r th a t  the p ro d u c tio n  of 
n o n -in fec tio u s  v iru s  by th ese  and r e la te d  dyes i s  due n o t to  a
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blocking of assembly but rather to a subsequent photodynamic 
inactivation of infective particles containing dye molecules*
Proflavine has a differential effect on the synthesis 
of the components of fowl plague virus (Franklin, 1958)* Much 
higher concentrations of proflavine are apparently required to 
inhibit the synthesis of the nucleoprotein S-antigen than the 
synthesis of haemagglutinin and it has been suggested that this 
is due to the fact that the S-antigen is synthesised in the 
nucleus of the cell* The R M  content of the S-antigen is normal. 
This study confirms the results of Breitenfeld and Schafer (1957) 
and Franklin and Breitenfeld (1959)> showing that the S-antigen 
system is built earlier than the haemagglutinin system and that 
production of S-antigen is independent of haemagglutinin production. 
Brown and Stewart (i960) have observed that low 
concentrations of proflavine decrease considerably the yield of 
infectious virus in pig-kidney cells infected with foot-and-mouth 
disease virus although the amounts of infective RNA and specific 
complement-fixing antigen are not proportionally reduced. In the 
presence of proflavine, the RNA. in the cells remains sensitive 
to RNAase throughout the growth cycle indicating that the in­
corporation of RNA. into viral particles is prevented,
Ylhen injected into the chick embryo, proflavine inhibits 
the multiplication of influenza B and vaccinia in the embryonated
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egg (Briody and Stannard, 1951)* Influenza A is not affected.
The production of infectious vaccinia virus in L cells is 
similarly inhibited by proflavine (ikegami et al., I960). At 
concentrations which permitted cell growth ( O . ), the 
amount of complement-fixing antigen and the number of cells 
containing inclusions are unaffected. At higher concentrations 
(2.5pg/ml.) there is a drop in the number of cells containing 
inclusions. Inhibition can be reversed by removal of the pro­
flavine even when this has been present for 8 hours.
The results obtained using proflavine and related dyes 
indicate that the dyes react with nucleic acid molecules. The 
consequence of such reactions may be the production of mutants, 
non-infectious particles or unassembled viral components, depending 
to an undetermined extent on the degree of incorporation.
Isatin,6 -thiosemicarbazone. This compound was reported by 
Thompson et al. (1953) to be one of the most active of the thio- 
semicarbazones in protecting mice from neurovaccinia infection, 
Sheffield et al, (l96l) have shown, using tissue culture, that 
the compound is effective against vaccinia at an intracellular 
stage of its multiplication, and that it protects cultures from 
the cytopathic effects of the virus. The inhibition was in­
vestigated in greater detail by Easterbrook (paper 3 of this thesis) 
and it was found that at minimal effective concentration, the
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p ro d u c tio n  o f in f e c t io u s  v i r u s  i s  in h ib i te d  w hereas th e  
s y n th e s is  o f n u c le ic  a c id  and p r o te in  c o n tin u e  a p p a re n tly  
n o rm ally . E le c tro n  m icroscopy  r e v e a ls  th e  p re sen ce  o f v iru s  
p a r t i c l e s  i n  such  b lo ck ed  c e l l s .  When i s a t i n - t h i o s e m i c a r b a z o n e  
i s  added to  in f e c te d  c e l l s  a t  any tim e a f t e r  in f e c t io n ,  th e  
p ro d u c tio n  o f in f e c t io u s  v iru s  i s  im m ed ia te ly  a r r e s t e d  so t h a t  
the  i n h i b i t o r  must a c t  t o  p re v e n t th e  a c q u i s i t i o n  o f i n f e c t i v i t y  
by i n t r a c e l l u l a r  v i r a l  u n i t s .  A ttem pts to  b lo c k  th e  in h i b i t i o n  
u s in g  v ita m in s  or p u r in e s  have been  u n s u c c e s s fu l .
2-( l-h y d ro x y b e n z y l)  b en z im id azo le  (HBB). S u b s t i tu te d  b en z im id azo les  
have a lre a d y  been  d is c u s s e d  as in h i b i to r s  of n u c le ic  a c id  m etabo lism . 
C e r ta in  d e r iv a t iv e s  in s te a d  o f i n t e r f e r i n g  w ith  th e  s y n th e s is  of 
v i r a l  com ponents, p re v e n t th e  assem bly  of such components in to  
m ature v i r u s  p a r t i c l e s .
The a n t i v i r a l  a c t i v i t y  o f HBB was f i r s t  observed  by 
H o llin sh e a d  and Smith (1 9 5 ^) d u r in g  a  su rv ey  of s u b s t i tu t e d  
b en z im id azo les  f o r  p o s s ib le  in h i b i to r s  of p o l i o v i r u s . T h is 
compound i s  even more a c t iv e  a g a in s t  ad en o v iru s  th an  a g a in s t  
p o l io v ir u s  and a ls o  i n h i b i t s  th e  m u l t ip l i c a t io n  o f in f lu e n z a  A 
in  c h o r io a l la n to ic  membrane c u l t u r e , p ro lo n g in g  th e  l a t e n t  p e r io d  
and re d u c in g  th e  f i n a l  y i e l d  by 9Ctfo a t  24 h o u rs . I n  monkey- 
k idney  c e l l s  HBB i s  in a c t iv e  a g a in s t  in f lu e n z a .  The most con­
s i s t e n t  a n ta g o n is ts  of th e  b en z im id a zo le s  a re  ad en in e  and guan ine 
b u t  th e  i n h i b i t i o n  produced by HBB, u n lik e  th a t  o f o th e r
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d e r iv a t iv e s ,  can  n o t be r e v e rs e d  by p u rin es*  The d e r iv a t iv e s  
te s t e d  were found to  be a c t iv e  even  when g iv e n  s e v e r a l  hours 
a f t e r  the  v iru s*
T h is  work was ex tended  by Tamm e t  a l*  ( 1961) and E ggers 
and Tamm (1961) who a l s o  d em o n stra ted  th a t  HBB cau ses  s i g n i f i c a n t  
in h i b i t i o n  o f  c y to p a th ic  e f f e c t  o f p o l io  when g iv e n  d u rin g  th e  
e x p o n e n tia l  phase of v iru s  in c re a se *  The r e s u l t s  in d ic a te  t h a t  
th e  p ro d u c tio n  o f  c y to p a th ic  e f f e c t s  i s  de layed  r a t h e r  th a n  
in h ib i te d  s in c e  th e  c u l tu r e s  d e g e n e ra te  a f t e r  48 h o u rs  in  th e  
p resen ce  o f H BB. E ggers and  Tamm ( l 96l )  found  t h a t  HBB i s  a c t iv e  
a g a in s t  many of th e  e n te ro v iru s e s  and c l a s s i f i e d  t h i s  g roup  o f 
v i r u s e s  on th e  b a s i s  of t h e i r  s u s c e p t i b i l i t y  to  HBB ( l 96l b ) .  Y/ith 
s e v e r a l  of th e  s u s c e p t ib le  v i r u s e s ,  r e d u c t io n  of th e  i n h i b i to r  
c o n c e n tr a t io n  r e s u l t s  i n  th e  d e lay ed  appearance  o f c y to p a th ic  
d e g e n e ra tio n  and i t  has been  p o s s ib le  to  i s o l a t e  from  such  
c u l tu r e s ,  v i r u s  th a t  p o s se s se s  a  d e c re a se d  s u s c e p t i b i l i t y  to  
th e  drug*
HBB in h i b i t s  n e i th e r  th e  in c o rp o ra t io n  of ad en o sin e  
i n to  RNA. n o r the  in c o rp o ra t io n  o f a la n in e  in to  p r o te in s .  S in ce  
th e  compound i s  s t i l l  e f f e c t i v e  when added some hours a f t e r  th e  
v i r u s  Tamm ( i9 6 0 )  su g g e s ts  t h a t  HBB in h i b i t s  a  r e l a t i v e l y  l a t e  
s t e p  in  the  i n t r a c e l l u l a r  r e p ro d u c t iv e  sequence of p o l io v iru s
116
and is capable of interfering with the proper assembly of 
new virus particles.
Summary.
The effects of several different types of inhibitor 
on viral multiplication have been described in this survey. 
Inhibitors of component synthesis have been almost exclusively 
metabolite analogues and using such substances it lias been 
possible to analyse to a limited extent the processes taking 
place in the latent period. Interference with the initiation 
of infection, with the exception of bacteriophage, has been 
achieved only by interference with the energy supply of the cell 
and it may not be possible using inhibitors to differentiate 
this step from subsequent synthetic reactions. The production 
of mature infectious virus can be blocked but the mechanism of 
inhibition is uncertain. Such terminal inhibition appears to 
be completely selective so that this stage of multiplication may 
be independent of normal cellular metabolism. In contrast, 
substances interfering with component synthesis also interfere 
with the metabolism of the host cell and the selectivity of 
such inhibition depends on the relative extents of incorporation 
of analogues and the degree to which such incorporation renders 
the components non-functional.
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THE GROWTH CYCLE OF VACCINIA VIRUS 
In this final section, an attempt will be made to 
summarise the present state of knowledge concerning the multipli­
cation of vaccinia virus in tissue culture. Unfortunately, 
there are still large gaps in our knowledge of this subject 
and discussion of it will involve considerable speculation.
The growth cycle is complex, and it is convenient to 
divide it rather arbitrarily into several stages, which may 
merge into each other.
Adsorption; involves contact of the virus particle with the cell 
surface and its firm attachment thereto#
Penetration; involves passage through the cell surface. This 
may be accompanied with loss of sensitivity to immune serum. 
Eclipse: describes the loss of infectivity of the virus for 
other cells.
Uncoating: involves loss of the protective protein coat and
exposure of the viral genome.
Initiation: describes the assumption of executive function by
the viral nucleic acid.
Synthesis: involves the synthesis of new viral components (DNA.
and protein) by the infected cell.
Assembly: describes the process of reforming the virus particle,
the genome being enclosed again within a protein coat
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Maturation: involves the acquisition of infectivity by the
completed virus particle.
Release: describes the process whereby the virus particles
escape from the infected cell.
Adsorption
The kinetics of the initial interaction of bacteriophage
particles with their host cells can be approximately accounted for
as the interaction of inert particles or bodies which possess
definite parameters (Delbrück, 1940). A similar approach to the
adsorption of animal virus particles - vaccinia and fowl plague -
151was propounded by Valentine and Allison (1959)* Using J I-
32labelled vaccinia and P-labelled fowl plague these workers have 
investigated the rate of adsorption of these particles to various 
surfaces, including aluminium and glass, and find that the 
observed results fit well with those predicted by Brownian theory. 
Since virus particles carry a negative charge at neutral pH, 
efficient adsorption to negatively charged surfaces requires the 
presence of cations to reduce the electrostatic barrier. The 
rate of adsorption under these conditions is the same for all 
surfaces. Perhaps surprisingly, the rate of adsorption to latex 
particles is unaltered by gentle shaking of the particles during 
the period of exposure to virus and it has been concluded that 
suspended particles carry a limited '•environment" with them and
Jthat in this region the adsorption of virus is still diffusion 
controlled. When these findings are related to the interaction 
of virus with tissue culture cells in monolayers and in 
suspension (Allison and Valentine, 1960a,b), it is found that 
the efficiency is less than predicted for simple particle-surface 
interaction. For cells in suspension the observed rate is about 
one third of that expected and in monolayers about one half.
Certain other observations have been made; the adsorption of 
virus to susceptible and insusceptible cells is the same, and the 
rate of adsorption is not affected by the presence of protein in 
the medium, by heat inactivation, weak formalin treatment or thiol 
reagents. The effect of ions is pronounced; adsorption is 
dependent on the concentration of cations and is depressed by 
high concentrations of multivalent cations; it is increased by 
low concentrations of polycations and high concentrations of uranyl 
ions, and diminished by low concentrations of polyanions. Acety­
lation of the amino groups of the virus results in diminished 
adsorption and it has been suggested that virus-cell interaction 
entails binding between amino groups on the virus and phosphate 
groups on the cell.
In the light of Valentine and Allison (1959)» the
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adsorption of vaccinia to L cells was investigated by Smith and 
Sharp (i960) with similar results. The virus particles are
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adsorbed more slow ly than  the r a te  p re d ic te d  by the k in e t ic  
theory  of m olecular movements. The ra te  i s  c o n s tan t f o r  a 
period  of 4 hours and i s  in c reased  when the v iru s  m u l t ip l ic i ty  
i s  in c re a se d . The ad so rp tio n  of hea ted  v iru s  i s  no t s i g n i f i ­
can tly  d i f f e r e n t  from th a t  of normal a c tiv e  v i r u s .  Unlike 
A lliso n  and V alen tine  (i960) who re p o rte d  no ap p rec iab le  e lu t io n  
of v a c c in ia  from tis s u e  c u ltu re  c e l l s  a t  37° »  Smith and Sharp 
(1961) have found th a t  e lu t io n  of v iru s  from L c e l l s  was ra p id . 
This may w e ll be due to  the d if fe re n c e  in  c e l l s  te s te d  s in ce  
A llieo n  and V alen tine  (i960) used fow l red  blood c e l l s ,  ch ick  
embryo c e l l s ,  HeLa c e l l s  and a s c i te s  tumour c e l l s .  The f a i l u r e  
of v a cc in ia  v iru s  to  e lu te  from HeLa c e l l s  has been confirm ed by 
Jo k lik  (p e rso n a l communication) u s in g  P ^ - la b e l l e d  v i ru s .  Using 
a procedure th a t  a c c e le ra te d  a d so rp tio n  of v iru s  Sharp and Smith 
(i960) have found th a t  d u ring  a p e rio d  of 30 m inutes a t  37° one- 
th ir d  of the v iru s  a s s o c ia te d  w ith  L c e l l s  a t  zero  time e lu te s .  
This would in d ic a te  th a t  the e f f ic ie n c y  of ad so rp tio n  to  L c e l l s  
i s  g re a te r  than  th a t  recorded  s in ce  a d so rp tio n  i s  measured as the 
number of p a r t i c l e s  a s so c ia te d  w ith  the c e l l  a f t e r  a g iven p e rio d  
of time (u su a lly  1 h o u r) .
A dsorption  of v iru s  to  c e l l s  would thus appear to  be 
pure ly  a  chance re a c t io n  over which the c e l l  e x e r ts  no in f lu e n c e .
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The behaviour of vaccinia virus may differ in this respect from 
other viruses» Poliovirus particles fail to attach irreversibly 
to cells other than those of primate origin (McLaren et al., 1959) 
and the fact that the extracted nucleic acid is able to infect 
cells of all types shows that this is due to configurational 
differences in the structure of the protein coat of the virus.
Such specific configurations are apparently lacking on the surface 
of vaccinia virus, unless the fact that appreciable elution of 
virus occurs following adsorption to certain cell types can be 
taken to indicate some degree of virus-cell specificity.
Penetration of Virus
Following the adsorption of virus to the cell surface, 
the next stage of infection is the movement of the particle into 
an intra-cellular position. Several events are probably 
associated with this penetration of the cell and since they follow 
each other closely it is difficult to unravel the sequence of 
events*
The membrane of mammalian cells, unlike that of bacteria, 
is a flexible structure and it has long been known that certain 
cells e.g. cells of the reticulo-endothelium, are able to engulf 
or ,,phagocytose,, particles. A more general phenomenon, although 
closely related, is that of "pinocytosis** (Lewis, 1951» 1937)•
This process involves the intake of ions, macromolecules and even
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particles in a droplet of fluid. These droplets migrate to the 
interior of the cell and eventually disappear leaving the 
contents in the cytoplasm. This process has been studied most 
with amoebae, and Schumaker (1958) has demonstrated the existence 
of two phases in the uptake of protein from solution. The 
protein first becomes firmly attached to the surface in a reaction 
that is only slightly temperature dependent and then the cell 
membrane with the attached molecules becomes incorporated within 
the cytoplasm. This latter reaction is temperature dependent and 
requires energy. Studies in tissue culture cells (Gey, 1954) 
have revealed that pinocytosis occurs widely in these cells, and 
Holter and Holtzer (1959) have shown that cells can be divided 
into two groups according to the way in which they take up 
fluorescein-labelled proteins. In the first group are cells such 
as He La, Ehrlich ascites, reticulo-enothelial cells, in which 
fluorescence is localised in vacuoles, while in cells of the 
other group, fibroplasts, L cells etc., fluorescence is distributed 
diffusely throughout the cell. They suggest that only the first 
group contains cell3 capable of pinocytosis. It would seem, 
however, that since all cells take up the labelled protein that 
it is rather a question of extent of uptake and Brandt and Pappas 
(i960) consider that all methods of macromolecular uptake by
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cells are manifestations of a single basic phenomenon. Even 
large particles may be taken into the cells in this manner and 
Pazekas (1948) has suggested the term "viropexis" for the uptake 
of viruses.
Since cells possess a perfectly adequate mechanism for 
ingesting particles, it would seem to be superfluous for virus 
particles infecting mammalian cells to evolve specific and 
complicated injection mechanisms like those found with bacterial 
viruses. Electron microscope photographs of the uptake of vaccinia 
virus by KB cells (Mercer and Easterbrook, unpublished result) 
show that most of the particles are taken into the cells in 
vacuoles which are large in size compared with the virus particles. 
Sometimes these vacuoles may contain several particles.
Three stages of infection can be distinguished in this 
penetration of the cell.
Acquisition of Serum Resistance. Vaccinia virus rapidly becomes 
resistant to the blocking action of hyperimmune serum, 50^ of the 
adsorbed virus being resistant after about 40 minutes incubation 
at 37° (Paper 1 of this thesis). The acquisition of resistance 
by infected-cell complexes follows first order kinetics. The 
characteristics of blocking are similar to those observed in the 
case of poliovirus where the antibody sensitive complex has a 
half-life of 30 minutes (Payne et al., 1958).
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The conversion of an antibody-sensitive virus-cell 
complex into a resistant one could be due to further binding 
between the virus and the cell so that active sites are covered 
or by the virus moving to a position in which contact of the 
virus and antibody is impossible. This latter possibility can 
be envisaged as the enclosing of the particle in a vacuole that 
is then isolated from the environment. Certainly, the virus 
particle becomes resistant to antibody blocking before it loses 
its infectivity.
o oAdsorption of vaccinia to cells at 4 and 22 and sub­
sequent incubation at these temperatures results in the acquisition 
of serum resistance as judged by adding immune serum and raising 
the temperature of incubation to 37° (Easterbrook, unpublished 
result). This would tend to rule out viral intake by the cell 
as the sole mechanism responsible for acquisition of serum 
resistance.
The comparable stage in influenza virus infection seems 
to be quite different. The stable virus-cell complex is formed 
at 3° and is stable at this temperature but is rapidly trans­
formed to a 3tate resistant to antibody blocking by raising the 
temperature to 37°« Addition of antibody" at intervals after 
the virus showed that the infectious process can be influenced in
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more than 5 C o f  the cells by immune serum as late as two hours 
after completion of the initial binding reaction (ishida and 
Ackermann, 1956). It has been suggested that insensitivity to 
immune serum may be the result of separation of the infecting 
principle from the sensitive antigenic structure rather than 
entry into the cell.
Loss of Infectivity. One of the characteristics of viral 
infection is that the amount of infectivity that can be recovered 
from disrupted preparations of infected cells decreases rapidly 
in amount when the virus-cell complex is incubated. This is 
commonly referred to as “eclipse”.
Vaccinia virus becomes non-infectious for other cells
soon after it has become resistant to the blocking action of
antibody (Paper 1 of this thesis). The rate of eclipse is strongly
temperature dependent, in distinction to adsorption, and occurs
very slowly at 4°. It would also appear to be dependent on the
metabolic activity of the cell since infectivity is only slowly
lost when the virus-cell complex is incubated in maintenance 
omedium at 37 * Under such suboptimal conditions, the loss in titre 
is only about 5<y/o in 6 hours in contrast to the 9O/o loss observed 
in growth medium in a similar period. The presence of serum 
proteins would thus seem to be essential and these results strongly
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suggest that loss in infectivity is a process that results 
when the particle is engulfed by the cell. It is commonly 
held that such loss of infectivity by a particle is associated 
with breakdown of the particle and liberation of the viral 
nucleic acid. Thus Holland and McLaren (1959) have observed 
with poliovirus that infectivity is lost in association with 
heat-killed cells and disrupted cell preparations. They conclude 
that this is evidence for an injection mechanism for polio 
nucleic acid since under such circumstances the cell cannot 
possibly engulf the particle and break it down. It is not 
possible however, to demonstrate susceptibility of the viral RHA 
to ribonuclease when infectivity is lost in association with 
healthy cells and Howes (i960) suggests that an alternative 
explanation for the loss of infectivity could be firm attachment 
to binding sites on the cell surface. The possible strength 
of such virus-cell bonds is well demonstrated by the failure of 
blending to remove bacteriophage tail-tips from the bacterium to 
which they have attached.
It has been shown, moreover, with influenza virus that 
loss of infectivity cannot be taken per se as a criterion for 
liberation of viral nucleic acid from its protecting protein 
envelope. When influenza is adsorbed to cells of the chorio­
allantoic membrane and the cells subsequently disrupted by
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sonication, no infectivity can be recovered. Despite this, 
the action of RDE removes from the surface of such cells a 
large fraction of the original viral inoculum. Also, in the 
experiments of Ishida and Ackermann (1956) referred to previously, 
the reaction leading to the formation of a stable virus-cell 
complex is accompanied by a loss of infectivity although it is 
not for another two hours that this complex became resistant to 
antiserum blocking.
Experiments such as those just described caution against 
the assumption that failure to demonstrate an infecting virus 
particle necessarily means that the particle has been broken down.
In the earlier growth cycle experiments (Maitland and 
Magrath, 1957) the conclusion was reached that the drop in titre 
of cell-associated virus during the latent period is not 
sufficient to state with certainty whether it is the eclipsed viral 
multiplication. This difficulty is due to two factors; the 
titre of virus rose after adsorption as a result of disaggregation 
(Postlethwaite and Maitland, i9 6 0) and the rate of uptake of virus 
in the cell system studied was slow. This problem was re­
investigated by Furness and Youngner (1959) and in Paper 1 of 
this thesis, using suspensions of monkey-kidney and KB cells 
respectively. In these systems, the fall in infectivity is rapid 
and of the order of 80-90rfo although the number of infected cells
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remains constant* It is impossible in any system containing 
active virus to demonstrate complete eclipse since the two 
competing processes of eclipse and new virus production overlap 
at about 5 hours after infection* When the multiplication of 
virus is inhibited by agents such as azide (Paper 2 of this 
thesis) the true eclipse curve of infecting virus can be demons­
trated and it is found that the titre of cell-associated virus 
is reduced by 95-9S$>• A small fraction of the viral inoculum 
appears to be incapable of infecting the cells and remains 
associated with them for long periods in an infectious state*
Loss of Protein Coat. - Liberation of Viral Nucleic Acid* 'With 
the repeated demonstration that genetic information is carried by 
nucleic acid has grown the belief that the protein coat of the 
virus particle acts merely as a container for the viral genome* 
The protein serves to protect the sensitive nucleic acid from 
degrading enzjanes in the environment and also provides in some 
viruses the basis for specificity in virus-cell interaction* In 
the infection of the cell, removal of the protein coat is an 
essential prerequisite for initiation. Different viruses possess 
different means for releasing their nucleic acid from the 
particle. Bacteriophages inject the DNA, together with a small 
amount of protein, into the cells leaving the protein coat on 
the cell surface (Hershey and Chase, 1952)* No evidence has been
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obtained for the existence of such a mechanism by any animal 
virus although certain of these e.g. fowl plague virus (Schafer, 
1959) and foot-and-mouth disease virus (Brown et al#, 1961), 
appear to break down at the cell surface. In the case of vaccinia 
virus, which has a more complicated structure, exposure of the 
nucleic acid apparently takes longer.
The work of Mast (1942) on digestion of food engulfed 
by Amoeba has demonstrated that the pH inside a vacuole does 
not fall below about pH 5 and that since this period of activity 
is correlated with diminution in vacuole size it is unlikely that 
enzymes can enter from the cytoplasm. Subsequently the vacuole 
increases somewhat in size as alkaline material from the cytoplasm 
enters and digestion of the particle commences at a pH of about 
7.3. Whether a virus particle enters the cell in a vacuole or is 
introduced more directly into the cytoplasm it is likely that it 
will be subjected to the same battery of intracellular enzymes. 
Merling (1945) has observed that vaccinia virus phagocytosed by 
leucocytes survived and apparently multiplied intracellularly. 
These scavenger cells are particularly rich in digestive enzymes 
and have been shown to contain large amounts of hydrolases 
including acid phosphatase, nucleotidase, RNAase, DNAase and beta 
glucuronidase (Cohgn and Hirsch, i960).
The stability of vaccinia virus in vitro to enzymes has
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been studied in attempts to analyse its structure and 
composition, Hoagland et al. (1940) have found that trypsin, 
Chymotrypsin, carboxypeptidase and RNAase have no effect on 
infectivity but pepsin, at pH which inactivated the virus, 
results in solution of the particle. Dawson and McFarlane (1948) 
have observed that pepsin treatment discloses a nucleus-like body. 
Papain completely inactivates the particle with release of amino- 
nitrogen at more neutral pH. Peters (1956) has also found that 
papain is active in digesting away much of the particle; at pH 4, 
the central DNA-containing region of the particle is resistant to 
papain but sensitive to DNAase following papain treatment but at 
pH 5-9 the central body is also digested by papain. The 
concentration of NaCl in the reaction mixture appears to determine 
to a considerable extent the severity of attack by proteolytic 
enzymes (joklik et al. I960). In the absence of NaCl, particles 
are only very slowly inactivated by trypsin but when examined in 
the electron microscope it is observed that considerable alteration 
has taken place in the morphology of the particle and that 
digestion of material immediately inside the outer membrane has 
occurred. Trypsin does not affect the reactivability of the virus 
so that it would appear that the bulk of the protein is 
functionally unimportant.
Using purified labelled vaccinia virus, Joklik (personal
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communication) has found that the nucleic acid of the virus 
particle first becomes sensitive to DNAase about one hour after 
the addition of virus to the cell. After this time, there is a 
rapid increase in the fraction of the total DNA that is sensitive. 
The protein of vaccinia virus is not completely broken down into 
amino acids by 12 hours and the extent of breakdown is the same 
for both active and heat-inactivated virus. In the case of heat- 
inactivated virus, the nucleic acid does not become sensitive to 
DNAase so that heating must inactivate or damage some internal 
component of the virus. This is also indicated by the fact that, 
although trypsin destroys the virus infectivity and digests most 
of the outer protein, the reactivability of heated virus is not 
affected (Joklik et al., i9 6 0). Heat-inactivated virus can be re­
activated in a cell that contains another multiplying poxvirus 
(Fenner et al., 1959; Hanafusa et al., 1959) so that the defect 
in heated virus that prevents the DNA from being exposed can be 
repaired. It would thus appear that a specific mechanism exists 
for removing the last "protective layer" from the nucleic acid 
and that other particles in the cell can benefit from the process. 
The results obtained in the azide-inhibited system (Paper 2 of 
this thesis) are also in agreement with this hypothesis. Azide 
inactivates vaccinia virus soon after it has become non-infectious 
for other cells but not before it has rendered the cell capable of
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supporting the multiplication of heated virus. It is 
suggested that, in the uncoating process, the cell removes the 
outer layers of the virus particle non-specifically but that a 
virus-induced cell process is responsible for the final 
liberation of the nucleic acid.
Smith and Sharp (i960) have investigated the alteration 
in the number of virus particles during the early stage of the 
growth cycle by electronmicroscopic counts. During the first 6 
hours after addition of virus the total count falls by only 50?0 
although the infectivity titre is reduced to 8$. This finding 
lends support to the hypothesis that breakdown of the particle 
occurs at some time after it has become non-infectious. Growth 
cycle experiments in KB cells (Cairns, I960; Paper 1 of this 
thesis) have shown that there is marked asynchrony in the initiation 
of infection in different cells and with an average virus 
multiplicity of 1 PFU per cell (as was used by Smith and Sharp) 
initiation has only occurred in 50tfo of the cells, that received 
virus, by 9 hours. There would thus seem to be adequate time 
for the total number of particles also to be reduced to a low 
level. The production of new virus makes the demonstration of 
such a fall impossible and it would be of considerable interest 
to follow the change in the number of particles in a system in 
which the production of new virus was inhibited e.g. by an agent
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such as azide#
I n i t i a t i o n  of In f e c t io n
Unlike the term " e c lip se "  which has acq u ired  a  c e r ta in  
s ig n if ic a n c e  to  v i r o lo g is t s ,  " i n i t i a t i o n "  i s  a  term  th a t  
conveys s e v e ra l  d i f f e r e n t  id e a s . For the p re sen t i t  is  defined  
as the a c q u is i t io n  of execu tive  fu n c tio n  by the v iru s .
I t  has been seen e a r l i e r  th a t  whereas the sy n th e s is  of 
n u c le ic  a c id  of RMA-containing v iru s e s  may commence w ithou t any 
" tak e -o v e r"  r e a c t io n , the sy n th e s is  of the UNA of a  v iru s , l ik e  
v a c c in ia , th a t  m u ltip l ie s  in  the cytoplasm  may need the  in d u c tio n  
o r t ra n s p o r t  of U N A -replieating enzymes in to  the  c e l l  cy toplasm .
The sy n th e s is  of v i ru s - s p e c if ic  p ro te in , moreover, w i l l  alm ost 
c e r ta in ly  invo lve some r e d ir e c t io n  of sy n th es is#
C airns (i960) has produced a model f o r  the  i n i t i a t i o n  
of v a cc in ia  in fe c t io n  to  f i t  the  observed r e s u l t s .  The r e s u l t s  
on which the  hypo thesis  i s  based a re  as fo llo w s : l )  No evidence
of e i th e r  v i r a l  UNA or p ro te in  s y n th e s is  can be found u n t i l  3.75 
hours a f t e r  in fe c t io n .  2 ) The p ro p o rtio n  o f c e l l s  in  which 
sy n th e s is  has commenced a t  any time i s  g r e a te r  when the m u lti­
p l i c i t y  of in f e c t io n  is  in c re a se d . 3) A ll a reas  of sy n th e s is  in  a 
c e l l  appear to  have s t a r t e d  a t  the same tim e . I t  i s  suggested  
th a t  a s in g le  v iru s  p a r t i c l e  in  a c e l l  perform s some " in i t i a t i n g "  
re a c t io n  and th a t  a l l  o th e r  in fe c t io u s  p a r t i c le s  in  the c e l l  p r o f i t
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from th is  r e a c t io n  and s t a r t  sy n th e s is  s im u ltan eo u sly .
Experim ents w ith  in h ib i to r s  (Salzman, I960; Paper 2 
of th is  th e s i s )  have in d ic a te d  th a t  DM sy n th e s is  commences 
e a r l i e r  than  suggested  by C a irn s . Evidence of the presence of 
DM th a t  could  be in co rp o ra ted  in to  mature v iru s  p a r t i c le s  can 
be o b ta ined  2 hours a f t e r  the a d d it io n  of v i r u s .  I t  a ls o  seems 
p o ss ib le  from the d a ta  to  be considered  l a t e r  th a t  p ro te in  
sy n th e s is  commences a t  about the same tim e . Thus any i n i t i a t i o n  
r e a c t io n  must occur sooner than  th i s  tim e, in  the  e a r l i e s t  c e l l .
S ince i t  seems l ik e ly  th a t  the  p ro cess  of r e a c t iv a t io n  
of h e a t- in a c t iv a te d  pox v iru s  i s  a s s o c ia te d  w ith  a  g en e ra liz ed  
re a c t io n  in  the c e l l ,  the  f i n a l  s tag e  of uncoating  of the  v iru s  
p a r t ic le  might be suggested  as the  s tag e  of m u l t ip l ic a t io n  during  
which a l l  p a r t i c le s  in  a  c e l l  become synchronized  in  t h e i r  develop­
ment. The r e s u l t s  w ith  a z id e - in h ib i t io n  (Paper 2 of th i s  th e s is )  
however, show th a t  the  p ro cesses  of r e a c t iv a t io n  and i n i t i a t i o n  
are  d i s t i n c t ,  s in ce  r e a c t iv a t io n  of h ea ted  v iru s  i s  p o ss ib le  in  
c e l l s  in  which az id e  has rendered  a l l  p a r t i c le s  incapab le  of 
m u ltip ly in g .
As w e ll as b lo ck in g  the  v iru s  soon a f t e r  i t  has become 
n o n -in fe c tio u s , az id e  a lso  in h ib i t s  the  sy n th es is  of v i r a l  DM and 
an o th e r p rocess th a t  precedes by about two hours the p ro d u c tio n  of 
v i r a l  a n tig e n  in  d e te c ta b le  amounts. The s ig n if ic a n c e  of the
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l a t t e r  i s  no t known "but i t  may re p re s e n t  the t r a n s f e r  of coding 
in fo rm atio n  from the v i r a l  DM fo r  the sy n th e s is  of p ro te in  or 
perhaps even the  i n i t i a t i o n  re a c tio n *
The g ro ss  derangement of normal fu n c tio n  th a t  i s  
a s s o c ia te d  w ith  the i n i t i a t i o n  of b ac te riophage  in fe c t io n  does 
no t occur w ith  vaccin ia*  The sy n th e s is  of h o s t s p e c i f ic  m a te r ia l ,  
in c lu d in g  the sy n th e s is  of h o s t DM, con tin u es  f o r  about 12 hours 
a f t e r  in f e c t io n ,  and only l a t e r  begins to  f a l l  o ff  (Jo k lik , 
unpublished r e s u l t ) .  I t  seems th a t v a c c in ia  m u lt ip l ic a t io n  is  
more in  the n a tu re  of a  com petitive  r e a c t io n  than  a tak e-o v er of 
the c e l l  w ith  the  v i r a l  genome competing w ith  o th e r "plasm agenes" 
f o r  p re c u rso rs  ( c f .  Spiegelm an, 1946)*
Commencement of n u c le ic  a c id  sy n th e s is  
V accin ia v iru s  has the d i s t in c t io n  of be in g  a DM -con- 
ta in in g  v iru s  th a t  m u lt ip l ie s  in  the  cytoplasm  of the c e l l s  i t  
in f e c t s .  I t  i s  d i f f i c u l t  to  imagine how a v iru s  m u ltip ly in g  under 
such co n d itio n s  could a v a i l  i t s e l f  of the  e x is t in g  DM sy n th e s is in g  
mechanisms s in ce  th ese  a re  i s o la te d  in  the  c e l l  n u c leu s . The 
dem onstration  th a t  in f e c t io n  w ith  phage r e s u l t s  in  the appearance 
of a number of new enzymic a c t i v i t i e s  in  the c e l l  (Kornberg, 
Zimmermann, Kornberg and Jo sse , 1959» F lak s , L ic h te n s te in  and 
Cohen, 1959) im m ediately suggested  th a t  v a c c in ia  may b r in g  in to  
the c e l l  the necessary  enzymes f o r  v i r a l  DM. sy n th e s is  o r e ls e
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induce th e i r  fo rm atio n  in  the cytoplasm . U n fo rtu n a te ly  no 
in fo rm atio n  on th i s  p o in t has y e t  been o b ta in ed .
The presence  of v i r a l  DMA th a t  can subsequen tly  be 
in co rp o ra ted  in to  mature p a r t i c le s  i s  f i r s t  d e te c te d  a t  two 
hours a f t e r  a d d i t io n  of the v iru s  (Salzmann, I960; Paper 2 of 
th i s  t h e s i s ) .  Prom th is  tim e on the amount of DNA in c re a se s  
l in e a r ly .  In  the  experim ents of Salzman, the maximum amount of 
v i r a l  DNA i s  produced by 6.5 hours as compared w ith  a maximum 
y ie ld  of in fe c t io u s  v iru s  a f t e r  12 h o u rs . In  KB c e l l s  the growth 
cycle  ex tends f o r  a lo n g e r p e rio d  and DNA appears to  be 
sy n th es ised  u n t i l  a lm ost 30 h o u rs . I n  HeLa c e l l s ,  a ls o , the 
sy n th es is  of DNA. preceded the m a tu ra tio n  p rocess by s e v e ra l hours 
whereas in  KB c e l l s  the precedence was only 2 hour's.
The DM “p o o l” can be f i r s t  dem onstrated  v is u a l ly  by 3 
hours (Ozaki and H ig ash i, 1959) as a  reg io n  of f in e  f ila m e n ts  and 
p re lim in a ry  experim ents (Mercer and E asterb rook , unpublished) 
in d ic a te  th e  presence of a d is ru p te d  membrane su rround ing  i t .
This pool e x is t s  f o r  a p e rio d  of about two hours before  assembly 
and m a tu ra tio n  remove any r e p l ic a t in g  m a te r ia l from i t .  Using 
au to rad io g rap h y , C airns ( i 960) has shown th a t  the  cen tre s  of DNA 
sy n th e s is  in  a c e l l  in c re a se  in  s iz e  w ith  time and o fte n  run  
to g e th e r and th is  enlargem ent i s  accompanied by some s t i r r i n g  of 
p re v io u s ly  sy n th es ized  m a te r ia l .  I t  i s  presum ably the co a le sc in g
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of replicating DNA pools that allows recombination to occur 
between the DNA molecules of different virus strains multiplying 
in the same cell. Cairns could not find any detectable with­
drawal of the virus D M  from the reach of DNAase even by 10 hours 
after infection as judged by the incorporation of tritiated 
thymidine and concluded that maturation of virus could not have 
occurred by this time. It is more likely, however, that DNA 
replication continues in pools even though assembly and maturation 
may have commenced. If for each replication of DNA , assembly 
removes one of the products, then the number of replicating 
molecules will remain constant. Incorporation of the contents of 
the replicating pool into particles if this occurs, may not occur 
until some time after maturation has commenced and Ozaki and 
Higashi’s results would suggest that this may be as late as 15-18 
hours after infection.
Experiments with 5-bromodeoxyuridine (Paper 4 of this 
thesis) suggest that this analogue of thymidine can be in­
corporated into the D M  of vaccinia with the production of a non- 
infectious unit.
Commencement of protein synthesis
Viral antigen can first be detected by fluorescent 
staining in foci in the cell cytoplasm about two hours after the 
start of D M  synthesis and the satisfactory completion of a
138.
p re lim in a ry  re a c t io n  (Paper 2 o f th i s  t h e s i s ) .  The n a tu re  of 
the p re lim in a ry  r e a c t io n  i s  no t known and i t  may be e s s e n t ia l ly  
connected w ith  the  sy n th e s is  of DNA or perhaps might re p re se n t 
the t r a n s f e r  of in fo rm atio n  from the v i r a l  DNA to  a  m essenger ENA. 
Since 5 -flu o ro d eo x y u rid in e  does no t g re a t ly  a f f e c t  e i th e r  RNA 
sy n th e s is  o r p ro te in  sy n th e s is  a lthough  i t  com pletely  in h ib i t s  
the sy n th e s is  of v a c c in ia  DNA (Salzman, i 960) , i t  seems l ik e ly  
th a t  v i r a l  p ro te in  sy n th e s is  i s  independent of DNA s y n th e s is .
Azide s im ila r ly  i s  ab le  to  in h ib i t  the sy n th e s is  of DNA w ithout 
n o tic e ab ly  a f f e c t in g  th e  amount of a n tig e n  produced.
Using a f lu o re sc e in -c o u p le d  an tibody  produced in  response 
to  in o c u la tio n  of r a b b i ts  w ith  whole v iru s , s p e c if ic  flu o rescen ce  
i s  f i r s t  d e te c te d  in  in fe c te d  KB c e l l s  as f o c i  a t  about 4 hours 
a f t e r  in f e c t io n  (C a irn s , I960; Paper 1 of th is  t h e s i s ) .  P r io r  to  
th i s  tim e, however, a d if fu s e  flu o rescen ce  i s  v is ib le  in  in fe c te d  
c e l l s  (Paper 1 of th i s  th e s i s )  and th i s  suggests  th a t  v i r a l  p ro te in  
might be produced e a r l i e r  than 4 hours b u t g e n e ra lly  throughout 
the  cytoplasm . The r e s u l t s  of Loh and Riggs (1961) u sing  coupled 
a n t i s e r a  p repared  a g a in s t  s p e c if ic  v i r a l  a n tig e n s , in  f a c t  show 
th a t  whereas the sy n th e s is  of NP a n tig e n  i s  ap p aren t in  lim ite d  
a re a s , the IS a n tig e n  i s  produced throughout the  cytoplasm  two 
hours e a r l i e r  and a t  the  same time as v a c c in ia  DNA is  d e te c te d  by 
a c r id in e  orange s ta in in g .  These r e s u l t s  su g g est th a t  dense fo c i
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of fluorescent staining indicate regions of assembly rather 
than merely regions of protein synthesis.
Complement-fixation tests perforned during the growth 
cycle (Paper 1 of this thesis) show that the amount of viral 
antigen increases in amount from about 6 hours to 20 hours. This 
period corresponds with a period during which there is an 
accelerated incorporation of adenine-8-C1^ into microsomal RNA 
(Joklik, 1959). There is an increased turnover rather than an 
increase in the total amount of RNA in the cell and this can be 
compared with a similar increased rate of turnover in the early 
stages of bacteriophage infection (Brenner, Jacob and Meselson,
1961; Gros, Hiatt, Gilberg, Kurland, Risebrough and Watson, 196l). 
This is in agreement with the hypothesis that in vaccinia infection 
as in phage infection protein synthesis is controlled by 
messenger RNA.
Assembly
Assembly of virus is the process by which quanta of viral 
DNA are removed from the replicating pool and combined with other 
essential viral materials to form a structural unit. This stage 
of multiplication is recognized on morphological criteria by 
examination of the contents of infected cells. lysates or disrupted 
cell preparations may be searched for suggestive forms or sections 
of infected cells may be examined to observe development in situ.
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Exam ination of c e l l  y ie ld s  under co n d itio n s  of p ro flav in e  
in h ib i t io n  has no t been done fo r  v a c c in ia , a lthough  th i s  compound 
has been shown to  in te r f e r e  w ith  the p ro d u c tio n  of in fe c t io u s  
v iru s  w ithou t a f f e c t in g  s ig n i f ic a n t ly  the p ro d u c tio n  of e s s e n t ia l  
v i r a l  components (ikegam i e t  a l . ,  i 960) .
The only d e ta i le d  evidence of th is  s tag e  in  v a cc in ia  
in f e c t io n  comes from e lec tro n m icro sco p ic  exam ination of th in  
s e c tio n s  of in fe c te d  c e l l s  a t  p ro g re ss iv e  tim es a f t e r  in fe c t io n , 
in  p a r a l l e l  w ith  s tu d ie s  on the in c re a se  in  in fe c t io u s  v iru s  t i t r e  
(Czaki and H ig ash i, 1959)* No v iru s  p a r t i c le s  or any o th er 
s t ru c tu re  suggested  to  have any a s s o c ia t io n  w ith  th e  fo rm ation  of 
v i r a l  p a r t i c le s  a re  ever seen befo re  6 hours a f t e r  the a d d itio n  
of v iru s  (new in fe c tio u s  v iru s  was f i r s t  d e tec te d  in  t h i s  system 
a t  6 h o u rs ) . The e le c tro n  m icrographs a re  in te rp re te d  as in d ic a t in g  
ag g reg a tio n  of f in e  g ra n u la r  o r f in e  f ib ro u s  m a te r ia l ,  of which the  
ground m a te r ia l of the v i r a l  in c lu s io n  (Dili pool) i s  composed, a t  
m u ltip le  f o c i .  This p rocess of ag g reg a tio n  con tinues p ro g re s s iv e ly  
u n t i l  a dense developm ental form , hav ing  a r a th e r  uniform  s iz e ,  i s  
com pleted. The l im it in g  membrane appears to  be formed on the 
p e rip h e ry  o f the condensed re g io n  of the in c lu s io n  and fo rm ation  
of the membrane appears to  be i n i t i a t e d  by an n u la r arrangem ent or 
d i f f e r e n t i a t io n  of the f in e  g ra n u la r  m a te r ia l .  The l im it in g  
membrane o fte n  appeared to  be double in  s tru c tu re  even when f i r s t
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formed and c o n s is te d  of an in n e r  and o u te r membrane each about 
o o
30A in  th ic k n e ss , sep a ra ted  by a 70A zone of le s s  dense m ate ria l*
These r e s u l t s  a re  s im ila r  to  those  re p o rte d  by Morgan e t  al*  (1954) 
and F lew e tt (1956) bu t a re  co n sid e rab ly  more d e ta ile d *  One p o in t 
of d if fe re n c e  i s  th a t  Morgan e t  a l .  considered  th a t  the  i n t r a ­
c e l l u la r  p a r t i c le  possesses only a  s in g le  w alled  membrane and th a t  
double membranes are  c h a r a c te r i s t i c  of e x t r a c e l lu la r  v irus*
F lew e tt on th i s  p o in t su p ports  Morgan e t  a l .  b u t g ives p ic tu re s  of 
double-membraned p a r t ic le s  in  i n t r a c e l l u l a r  p o s i t io n s .
The r e s u l t s  of experim ents u sing  az id e  have shown th a t  
the sy n th e s is  of v i r a l  a itig e n  in  f o c i  fo llo w s the s y n th e s is  of 
v a c c in ia  DNA by the same p e rio d  of 2 hours in  a l l  c e l l s .  I f  th ese  
fo c i  in d ic a te  a reas  of assem bly th en  i t  can be argued th a t  th e  
p rocess of assembly a ls o  fo llow s the  sy n th e s is  of DNA by th e  same 
perio d  in  a l l  c e l l s .  This p e rio d  i s  e q u iv a len t to  about th re e  
doubling  tim es of the DNA co n ten t of th e  in fe c te d  c e l l  p o p u la tio n . 
Assembly would no t be dependent, however, on the presence of 
r e p l ic a t in g  DNA sin ce  fo c i  a re  s t i l l  formed i f  DNA sy n th es is  i s  
in h ib i te d  two hours e a r l i e r  by az id e  (Paper 2 of th i s  t h e s i s ) .  
P ro te in  sy n th e s is  has been shown to  be n ecessary  fo r  condensation  
of phage DNA and in  the absence of p ro te in  sy n th es is  a g ia n t  DNA 
pool i s  formed (K ellen b erg er, 1959). I t  may be th a t  w ith  v a c c in ia , 
assembly i s  c o n tro lle d  by p ro te in  and timed to  occur a t  a time
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when s u f f i c i e n t  DNA is  norm ally p re s e n t in  the  pool to  be 
in co rp o ra ted  in to  p a r t i c l e s .
M atu ration
I t  has been suggested  by Ozaki and H igashi (1959) th a t  
m a tu rity  oj. a v iru s  p a r t ic le  should  be judged on the b a s is  of 
a .nfsctiV xty . This was considered  d e s ira b le  s in ce  i t  was apparen t
from com parison of e lec tro n m icro g rap h s and in f e c t iv i t y  t i t r a t i o n s  
made a t  the same tim e, th a t  i n f e c t iv i t y  must be a s s o c ia te d  w ith  
p a r t ic le s  th a t  m orpholog ica lly  would be c la ssed  as developm ental 
and immature. Thus the  i n f e c t iv i t y  begins to  r i s e  a t  6 hours 
a f t e r  in o c u la tio n  a lthough  only developm ental p a r t ic le s  can be 
observed u n t i l  a3 l a t e  as 15 -  18 hours a f t e r  in f e c t io n .  They 
suggest t h a t  th e re  may be a r e l a t i o n  between the fo rm ation  of 
n uc leo ids in  the developm ental form s and the  a c q u is i t io n  of 
i n f e c t i v i t y .  The nu c leo id  ( f i r s t  d esc rib ed  by Morgan e t  a l . ,  1954) 
seen in  an e c c e n tr ic  p o s i t io n , a3 a  sm all dense body sep a ra te d  from 
the r e s t  of the v irop lasm  by a re g io n  of lower d e n s ity , and i s  
a lready  v is ib le  in  some of the p a r t i c l e s  by 6 hours a f t e r  a d d itio n  
of v iru s  a lthough  le s s  dense a t  t h i s  time than  l a t e r .  This 
n u c leo id  i s  about 90 x 70mp in  s iz e .
By about 18 hours a f t e r  in o c u la tio n  the ground m a te r ia l 
of the in c lu s io n  has la rg e ly  been rep laced  by a la rg e  number of 
mature v iru s  p a r t i c l e s  whose s t ru c tu re  has been d e sc rib ed  by Morgan
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et al. (1954)« They are characterised hy an inner body of 
variable shape and density, enclosed by a double limiting membrane, 
the membranes being each 3-4mp. thick and separated by a zone of 
lower density 8-12mp wide.
The production of mature virus particles as assayed by 
infectivity follows a similar time sequence in most of the cell 
systems in which it has been studied. The time at which the 
appearance of infectious virus can be first detected depends to a 
considerable extent on the rate at which the adsorbed virus goes 
into eclipse since the early production of virus in a few cells 
can easily be swamped by the presence of a high level of background. 
Thus in most monolayer systems, the first appearance of infectious 
virus is at about 8 hours after the addition of virus to the cells. 
With suspended cells the presence of virus can be detected as a 
rise in titre by 5-6 hours, while under special conditions (Paper 
2 of this thesis) it can be deduced that infectious virus starts 
to increase after 4 hours. The rise in titre in infected KB cells 
is at first very rapid and it can be seen from fluorescent cell 
counts at comparable times that this is due to the participation 
of an increasing number of cells in virus production. When all 
infected cells in the population are yielding virus the titre rises 
more slowly but continues to increase until 30 hours after 
infection. This cannot be due to secondary infection since it is
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observed, even when a l l  c e l l s  in  the p op u la tion  are in fe c te d  a t  
the s t a r t .  I t  probably r e f l e c t s  the prolonged nature of the  
m aturation p ro cess .
R elease of Virus
Almost a l l  workers w ith  v a c c in ia  have noted the prolonged  
a s s o c ia t io n  of in fe c t io u s  v ir u s  w ith  the c e l l s  in  which i t  i s  
produced. L i t t l e  or no c e l l  d is in te g r a t io n  has occurred by the  
end of the growth cy c le  although  such a breakdown may lib e r a te  
the v ir u s  p a r t ic le s  a t  some la t e r  tim e. The t i t r e  of e x tr a c e llu la r  
v iru s appears to  bear a con stan t r e la t io n  to  the t i t r e  of c e l l -  
a sso c ia te d  v ir u s  throughout the growth c y c le .  This r e la t io n  depends 
on the e x is te n c e  of in a c t iv a to r s  in  the medium but i s  u su a lly  of 
the order of l-2°/o.
R esu lts  obtained u sin g  s p e c i f i c  antibody to  d e te c t  v ir u s  
a t  the c e l l  su rface (paper 1 of t h is  t h e s is )  in d ic a te  th a t a sm all 
f r a c t io n  of the in fe c t io u s  v ir u s  a s so c ia te d  w ith  c e l l s  la te  in  the 
growth c y c le  i s  in  an a c c e s s ib le  p o s it io n  on the c e l l  su rfa ce  and 
the fr e e  v ir u s  may rep resen t the f r a c t io n  o f th is  su r fa ce -h e ld  
v iru s  tnat becomes d is lo d g e d . The a s s o c ia t io n  with, the su rfa ce  is  
firm , s in c e  attem pts to  remove v ir u s  w ith  tr y p s in  or versene f a i l e d .
E lec tro n  m icroscope p ic tu r e s  taken by Ozaki and H igashi 
( 1959) show that r e le a se  o f the p a r t ic le s  b eg in s a t  about 18 hours 
by a p rocess th at i s  e s s e n t ia l ly  ex tr u s io n  o f in d iv id u a l p a r t ic le s .
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Along w ith  the p a r t i c le s  i s  re le a s e d  a c e r ta in  amount of 
cy top lasm ic components. The a s s o c ia t io n  of the p a r t i c le s  w ith  
the su rface  may account f o r  the haem adsorption of red  c e l l s  to  
the  su rfa ce  of in fe c te d  c e l l s .
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